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ABSTRACT 
As population growth increases power demand, power industries all around the world become 
increasingly complex; and therefore, unpredictable. Hence, it is not surprising that undesirable 
events such as voltage collapse and power blackout incidents occur more frequently. However, 
since the healthy operation of power systems not only increases distribution efficiency but also 
reduces cost and allows for a safe operation, the power industry is challenged with the 
development of countermeasures in order to mitigate the occurrence of these undesirable 
events and enable the maintenance of an acceptable level of operation at all times. Analyses of 
power blackout events have allowed the power industry to gain a clearer insight as to its causes 
which can be surmised in three points: loss of system stability, lack of situational awareness [1] 
and incorrect actions by network operators. 
However, with the advent of synchrophasor technology, it is now possible to have real-time, 
time-synchronized network measurements. Furthermore, with the use of stability indices, it is 
possible to indicate system stability via scalar values. The combination of synchrophasor 
technology and stability indices eliminates, to a reasonable extent, the lack of situational 
awareness as it specifically enables network operators to assess system stability using reliable, 
real-time data.  
As a presentation of one possible method of utilizing stability indices and synchrophasor 
technology, this project proposes the incorporation of synchrophasors and stability indices in 
voltage regulation procedures in order to improve system control and stability as well as 
mitigate the occurrence of voltage collapse and power blackout incidents. In the absence of an 
actual synchrophasor device, power system simulator (PowerFactory) is used to derive system 
data akin to those produced by a synchrophasor measurement device while programming 
software (Matlab) is used to simulate the calculations of the proposed method. In the case of 
insufficient regulatory devices and unstable systems, other methods to maintain an acceptable 
load voltage as well as a stable system are also briefly discussed.  
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Chapter 1: INTRODUCTION 
Over the years, power transmission and distribution networks all around the world have experienced 
a significant number of power blackouts incidents. A power blackout can be defined as the loss of 
power in the whole or significant parts of a power distribution network. A few blackout incidents are 
provided in Table 1. 
TABLE 1: TABULATED DATA OF SOME POWER COLLAPSE EVENTS (ADAPTED FROM [2], [3] AND [4]) 
Voltage Collapse Incidents 
Date Location Trigger Time Frame 
22/09/1970 New York, USA Lightning Strike > 24 hrs 
19/12/1978 France Rotor Instability: loss of synchronism > 1 hr 
23/08/1987 Tokyo, Japan Voltage Instability: high power demand > 1 hr 
14/08/2003 Cleveland, USA Short Circuit fault > 24 hrs 
30/07/2012 India Line Overload >12 hrs 
22/08/2013 Sydney, Australia Unknown > 1 hr 
 
Based on the information provided in Table 1, it is obvious that the triggering event for voltage 
collapse in a power system varies: from a simple line fault to voltage instability (unacceptable bus 
voltages during normal and disturbance-recovery conditions) and rotor instability (de-
synchronization of the system’s synchronous machines by 180⁰ or more). However, as blackout events 
have occurred since the early 20’s, the power industry’s understanding of these events is ever-
growing; and recent blackout incidents have provided an even clearer picture as to the roots of this 
problem. The causes of power blackout can be surmised in three points: loss of system stability, lack of 
situational awareness [1] and incorrect actions by network operators. 
The first stage is the loss of system stability. System instability can be defined as the inability of a 
power system (power network) to maintain an acceptable level of operation. As inferred from [5], 
system instability can occur during normal operation or during recovery operation subsequent to 
interference from a disturbance. Regardless of its form, the loss and continued deterioration of system 
stability is the first event in the sequence of events that leads to power blackout. 
Subsequent to system instability, and representing a major stage in blackout incidents according to 
[1], is the lack of situational awareness. This implies that, mainly pertaining to stability, network 
operators have insufficient data to estimate the state of the system. The first reason for this 
unawareness stems from the fact that, only recently, system data was not available in real-time. 
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Secondly, measurement devices were not synchronized to each other. Since most electrical 
calculations require system parameters to be measured at the same time, the measurement of 
parameters such as source and load bus voltages which are separated in space would be separated in 
time as well; and thus, could not be used for stability assessment.   
Consequently, with the loss of system stability combined with the unawareness of system state, it 
becomes very easy for network operators to take incorrect and delayed responses to perceived 
disturbances. These responses can further deteriorate system stability leading to voltage collapse and, 
finally, to a power blackout. 
This project proposes the use of synchronized measurements obtained from synchrophasor 
technology (simulated in this project using power system simulation software - PowerFactory) and 
the incorporation of stability indices (indices’ algorithms and calculations completed in programming 
software – Matlab) to monitor and regulate load voltage value and stability. Thus, promoting system 
stability during voltage regulation and mitigate voltage collapse and power blackout incidents. 
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Chapter 2: PROJECT OVERVIEW 
This section gives a brief overview of major concepts pertinent to this project. They include 
Synchrophasors, Power System Stability, Stability Algorithms, Voltage Modeling, Voltage Regulation 
and Simulation Software.  
2.1 PROJECT STAGES 
As illustrated in Figure 1, the project is divided into three (3) stages: simulation of synchrophasor 
technology via power system simulator (PowerFactory), verification of stability algorithms, and lastly, 
incorporation of a selected stability algorithm in voltage regulation.  
 
 
 
 
 
 
 
 
 
 
FIGURE 1: PROJECT STRUCTURE INDICATING ITS 3 STAGES 
The first stage refers to the simulation of synchrophasor data using power network simulation 
software, in particular, DIgSILENT’s PowerFactory. As this stage involves the simulation of selected 
power systems and data acquisition from these selected power systems, it is more of an underlying 
stage that will reoccur throughout this project. The aforementioned software will be briefly discussed 
in section 2.5. 
Stage 2; serving as the foundation stage, is concerned with the familiarization, Matlab programming 
and interpretation of selected stability indices. As these indices are will be used in subsequent 
analyses, it is important to determine their efficacy and accuracy at indicating power system stability. 
Simulation of Synchrophasor technology 
via PowerFactory 
 
Examples: Stability analyses of example 
power systems using simulated power 
systems (PowerFactory) and Stability 
Indices (Matlab)  
 
Proposed Application: Example power 
system highlighting the application of 
Voltage Regulation +Stability Algorithms   
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Procedurally, the stability indices are programmed in MathWorks’ Matlab and data from 2 power 
systems are used as inputs. These data are derived from power system simulations conducted in 
PowerFactory where system measurements such as voltage phasor and load power simulate 
synchrophasor measurements. The resulting array of scalar indices will be plotted in order to visually 
inspect the stability trend of load terminals or buses. In a sense, this task serves as the core activity for 
this project since adequate knowledge of the selected stability indices will be required for the 
successful completion of the project. 
Following the completion of stage 2 is the final stage of this project; Stage 3. In this last stage of the 
project, the aim is to successfully simulate incorporate stability assessment; via stability indices, into 
voltage regulation procedure. A method for incorporating stability indices will be proposed and 
presented by creating a simple voltage regulation algorithm in Matlab while using system data from 
PowerFactory as inputs to simulate measurements from synchrophasor technology. Thereafter, a 
chosen stability indices will be included in the voltage regulation algorithm in order to show, to an 
extent, the potential advantage that will arise from the use of synchrophasor technology and stability 
indices in voltage regulation.    
2.2 SYNCHROPHASORS 
Synchrophasors or “Synchronous Phase Measurement Units” refer to the characteristics of a device to 
“… provide a real-time measurement of electrical quantities from across the power system” [6]. In 
order to gain a better understanding of the advantage synchrophasors introduce, consider, for 
example, the waveforms shown in Figure 2. It depicts the waveforms corresponding to generated 
voltage, load voltage and line current in a generic 2-bus power system where generator, transmission 
line and load are all connected in series. At time ’0.0167s’, highlighted in the figure, the single-phase 
active power of the generator and load;           and           , can be calculated according to 
Equation 1 and Equation 2 respectively. Comparison of generator and load power are required in 
various system analyses such as the quick determination of a system’s power transfer efficiency with 
respect to time. However, such analyses are only truly accurate when generator and load parameters 
are measured at exactly the same time (voltage and line current at time point ‘0.0167s’ in this 
example). In reality, with transmission lines stretching over hundreds of kilometers, and taking into 
consideration measurement device delay time, server update time and measurement frequency, the 
probability of measuring bus voltage and line current at exactly the same time is extremely small.  
However, with synchrophasor technology, measurements at various locations can now be taken at the 
same time.    
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EQUATION 1: INSTANTANEOUS ACTIVE POWER AT GENERATOR’S BUS  
                                                                                                                              
EQUATION 2: INSTANTANEOUS ACTIVE POWER AT LOAD’S BUS 
where: 
                                                  
 
 
FIGURE 2: GENERIC 2-BUS SYSTEM WAVEFORM HIGHLIGHTING TIME POINT 0.0167S 
Compared to previous SCADA-only control methods, the incorporation of synchrophasors introduces 
the additional advantage of time-synchronized data, thus, improving data accuracy, reliability, 
acquisition speed as well as usefulness in stability analysis. Mainly achieved through the 
incorporation of GPS satellite-synchronized clocks, synchrophasor applications include voltage 
regulation, model verification, system stability analysis and islanding detection. Other devices in a 
synchrophasor structure are illustrated in Figure 3. These include Phasor Measurement Units 
(PMU), a Phasor Data Concentrator (PDC), communication devices, and visualization software [6].  
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FIGURE 3: GENERIC SYNCHROPHASOR CONTROL STRUCTURE 
2.2.1 PHASOR DERIVATION 
Mathematically, an alternating-current (ac) waveform can be defined according to Equation 3. 
Consequently, the corresponding phasor equivalent of the ac waveform is according to Equation 4.  
                                                        
EQUATION 3: GENERIC AC WAVEFORM 
                                              
EQUATION 4: PHASOR REPRESENTATION OF AC WAVEFORM 
                                 
 
  
    
EQUATION 5: PHASOR REPRESENTATION OF AC WAVEFORM IN RMS 
where: 
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Synchrophasor calculations operate according to Equation 5, the RMS variant of Equation 4. Figure 4 
graphically represents the phasor derivation process that is used in calculating synchrophasor values. 
 
FIGURE 4: IMAGE DEPICTING THE ‘PHASE-CALCULATION’ METHOD OF A SYNCHROPHASOR 
As stated in [7], UTC (Coordinated Universal Time) Time Reference 1 and UTC (Coordinated 
Universal Time) Time Reference 2 in Figure 4 can be perceived as time strobes or reference points. 
Assuming constant frequency at steady state, angle ‘+θ*’ and its corresponding cosine wave 
magnitude ‘X1’ occur at UTC 1. Similarly, at the instance UTC 2 occurs, angle ‘-θ*’ is the angle 
difference to its closest cosine reference angle and ‘X2’ is its corresponding cosine wave magnitude. 
However, since power systems rarely operate at a constant frequency, the final calculation of ‘θ*’ 
takes into account the actual frequency at the time of measurement.  Additional information such as 
reporting rates and performance criteria are further discussed in [7] and [8].  
2.3 SYSTEM STABILITY 
There are various definitions of the term ‘Stability’. According to [9], a system can be deemed as stable 
if in response to a bounded input; an input with clearly defined boundaries such as a step input, the 
dynamic trajectory of the system remains bounded. In [5], power system stability is referred to as the 
property of a system enabling it to remain in an acceptable operating state during normal conditions 
and can regain this state when subjected to a disturbance. According to [10], it can also be referred to 
as firmness in position or continuance without change. In light of these definitions, it is evident that a 
stable system is desirable and that it broadly refers to the perpetual operation of a system in a 
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desirable operating region regardless of disturbances. This is further illustrated in Figure 5, Figure 6 
and Figure 7 where bounded inputs are plotted (blue line) and compared with the resulting response 
of a system (red line). According to the definitions above, these system responses can be deemed as 
stable regardless of their transient characteristics. This is because all three figures show system 
responses that settle within a bounded region after experiencing a bounded change in input – an 
impulse input in Figure 5’s system and a step input in the systems shown in Figure 6 and Figure 7. 
 
FIGURE 5: IMAGE DEPICTING A FORM OF STABILITY (1) 
 
FIGURE 6: IMAGE DEPICTING A FORM OF STABILITY (2) 
 
FIGURE 7: IMAGE DEPICTING A FORM OF STABILITY (3) 
 In regards to power systems, stability analysis is crucial because a regulated system, in terms of 
voltage magnitude, is not always stable. Hence, to continue the operation of a power system in a 
regulatory manner, the power system must first fulfill the requirements for stable operation.  
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2.3.1 OVERVIEW 
The stability analysis of a power system is an important task of network operators. In [5], a brief 
history of stability in the power industry is given. It details how the concept of power system stability 
was recognized as pertinent in 1920. At this time, stability issues alluded to hydroelectric generating 
stations transmitting power over long distances.  For economic reasons, these stations operated at 
points close to their stability limits; hence, instability occurred frequently. Additionally, with methods 
such as the ‘equal-area criterion’ and ‘circle diagrams’ in use, the power system network to be 
analyzed had to be kept simple. However, with the increase in interconnected independent power 
systems driven by economical benefit, stability problems also increased. It was only with the 
development of the ‘network analyzer’ (ac calculating board) in 1930 that the analysis of more 
complex power system networks became possible. At present, with the continuous improvement in 
digital computer technologies, modeling methods for significant network equipment, developments in 
control system theory and fast-reacting fault clearing devices, there is a clearer understanding of 
stability events as well as methods for mitigating and countering such events.        
Traditionally, a common requirement for the stable and satisfactory operation of a power system is 
that all synchronous machines must be operated in synchronism. As stated in [5], this implies that the 
frequency of the stator’s electrical quantities; induced voltage and resulting current, must be identical 
to the mechanical speed of the rotor. However, instability can still occur without the loss of 
synchronization among synchronous machines [5]. As various elements contribute the loss of stability 
of a power system, it is pertinent that stability analysis focus on these system elements. Consequently, 
the categorization of power system stability is based on the element perceived to have the most 
influence on system stability. Additionally, stability analysis can be completed either over a single, 
discrete moment in time or over a continuous range. This implies that the reliability and accuracy of 
stability analyses is dependent not only on the complexity of the method but on the analytical focus 
with regards to system element.         
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2.3.2 SYSTEM ANALYSIS 
Generally, almost all power system analysis can be completed either through the assumption of steady 
state or by considering the dynamic behavior of the power system via transient analysis. Although 
each analysis method holds its own advantages and disadvantages, steady-state analyses are known 
to be less complicated and less time consuming. On the other hand, transient analysis holds the 
advantage of providing detailed insight on salient characteristics as the power system undergoes a 
change. 
2.3.2.1 STEADY STATE ANALYSIS 
Defined as “A stable condition that does not change over time or in which change in one direction is 
continually balanced by change in another.”[10], steady state analysis is the most common method of 
analysis for power systems. It assumes that, at the moment in time of the analysis, the power system 
parameters of interest are non-changing. Consider the circuit depicted in Figure 8, where the system 
element subscript ‘R’, ‘C’ and ‘L’ denotes resistance, capacitance and inductance. Their corresponding 
impedances would be modeled as variables unchanging in time. That is, ‘ZR’ – resistive portion of 
overall impedance, ‘ZC’ – capacitive portion of overall impedance and ‘ZL’ – resistive portion of overall 
impedance, will be unchanging with respect to time. These are defined in Equation 6. 
                                           
EQUATION 6: (STEADY STATE) OVERALL IMPEDANCE 
      
       
 
 
EQUATION 7: (STEADY STATE) CURRENT FLOWING IN THE SERIES-CONNECTED SYSTEM 
             
  
          
 
EQUATION 8: (STEADY STATE) VOLTAGE ACROSS THE CAPACITOR 
where: 
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FIGURE 8: A SIMPLE R-L-C CIRCUIT 
In terms of system stability, analysis completed via steady state method can provide useful 
information on the initial and final state of the power system; thus, allow for preemptive actions in 
order to dampen or eliminate undesirable effects. The collection of steady state data; such as steady 
state voltages and currents, can be used to determine salient system characteristics required for 
various stability analyses. Under various conditions, recorded steady state parameters can be used in 
the development of stability trends and plots. Consequently, this would allow for the comparison of 
various system states; thereby providing sufficient information to determine whether or not 
corrective actions are required. 
For instance, re-consider the system depicted in Figure 8. Under the assumption that the system 
experienced a 10% load (demanded power) increase, the current phasor flowing through the 
capacitive load, prior to the increase, is given by Equation 7. Similarly, the current phasor flowing, 
after the load increase, can also be calculated using Equation 7 while taking into account that the 
system load is now     
      
   
 . Following a similar procedure, the initial and final voltage phasor 
across the capacitive load can be determined according to Equation 8. By taking these values into 
consideration during stability analysis, a fair indication of power system’s stability can be derived. On 
the other hand, the intermediate behaviors of a power system and its parameters can only be 
determined through transient analysis. 
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2.3.2.2 TRANSIENT ANALYSIS 
As defined in [11], transient analytical method is used to describe the behavior of power system 
parameters during the transition between two distinct steady-state conditions.  This usually implies 
that the analysis is carried out over a range of time, either continuously or in discrete steps. 
Consequently, this also implies that parameter modeling as well as system element models would be 
time-based. Reconsider the R-L-C circuit introduced in Figure 8. As opposed to steady state analysis, 
system elements would be modeled with respect to their change in time. Hence, the voltage across the 
capacitor, as well the current flowing through it, would be represented according to Equation 9 and 
Equation 10 .  
    
 
 
           
 
 
           
EQUATION 9: (TRANSIENT STATE) VOLTAGE ACROSS THE CAPACITOR 
                 
     
  
 
EQUATION 10: (TRANSIENT STATE) CURRENT FLOWING THROUCH THE CAPACITOR 
where: 
                               
   
      
       
  
    
    
 
Regarding system stability, transient analysis is most effective for system assessment that involves 
time as a variable such as monitoring synchronous machine frequency and rotor angle. Most stability-
deteriorating events occur during operating state transitions and as transient stability analysis allows 
for the monitoring of these events, it is generally considered the better of the two analytical methods. 
However, since transient analyses are generally more complex, usually requiring computational 
assistance, steady state is more commonly used as the basis for many power systems analyses.       
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2.3.3 TYPES OF SYSTEM STABILITY 
 
FIGURE 9: CLASSIFICATIONS OF POWER SYSTEM STABILITY (ADAPTED FROM [5]) 
As indicated in Figure 9 (adapted from [5]), the two main types of power system stability are 
influenced by synchronous machine rotors and system bus voltages. Hence, they are referred to as 
‘Angle Stability’ and ‘Voltage Stability’ respectively.  
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2.3.3.1 ANGLE OR ROTOR STABILITY 
Rotor or angle stability refers to “… the ability of interconnected synchronous machines of a power 
system to remain in synchronism” [5]. This implies that synchronism is kept regardless of 
disturbance. Again from [5], it can be inferred that the motion of a synchronous machine’s rotor can 
be characterized according to Equation 11, which defines the rotor’s accelerating power (  ) in terms 
of the rotor’s angular speed (  ), total moment of inertia ( ), electrical power (  ) and mechanical 
power (  ). 
       
   
   
        
   
  
                
EQUATION 11: MOTION OF A SYNCHRONOUS MACHINE’S ROTOR 
where: 
                                                                                        
Since an ideal system is balanced in terms of active power generated and active power consumed, its 
accelerating power, as indicated in Equation 11, would be zero. However, the angular difference or 
angular velocity between the rotor and the stator would not be zero. When experiencing a 
disturbance, the angular velocity of a real synchronous machine increases or decreases; and therefore, 
changes the angle difference between the system’s synchronous machines. The resulting imbalance 
between the acceleration of interconnected synchronous machines; due to disturbances, would imply 
that some machines would rotate faster or slower than others. Thus, the load or demanded power 
would be re-distributed in order for the system to re-synchronize and recover.  However, above a 
certain limit, the induced angular difference between synchronous machines becomes unfavorable 
and slowly leads to reduced active power flow as well as system instability.  
2.3.3.2 VOLTAGE STABILITY 
As a variant of power system stability, voltage stability solely refers to “…the ability of a power system 
to maintain steady acceptable voltages at all buses in the system under normal operating conditions 
and after being subjected to a disturbance”[5]. During the earlier occurrences of voltage instability, it 
was assumed to be as a result of long transmission lines. This is not entirely true. Although voltage 
stability, or instability, can be related to the reactive components of the transmission and distribution 
network, it is also due to the angle difference between the source and load bus voltages.  Consider 
Figure 10 below. 
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FIGURE 10: A SIMPLE 2-BUS SYSTEM 
In the simple 2-bus power system depicted above, load power ‘  ’ is given by Equation 12. Further 
expanding this equation, as shown from Equation 13 to Equation 17 the real and reactive power 
provided to load ‘   ’ can be defined according to Equation 18 and Equation 19. (Note: symbols or 
variables below with an over-bar refer to complex value involving imaginary terms).  
                                    
 
 
EQUATION 12: (STEADY STATE) COMPLEX POWER OF A SYSTEM 
           
 
               
 
         
   
                  
   
 
EQUATION 13 
                                           
 
             
                            
         
 
EQUATION 14 
                            
 
                           
                               
         
 
EQUATION 15 
             
                                      
                   
         
 
EQUATION 16 
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EQUATION 17 
                                
          
                                             
   
      
  
EQUATION 18 
          
                                            
   
      
  
EQUATION 19 
where: 
                               
                                
Generally, it is sometimes easier for analytical purposes to ignore the resistance ‘   ’ since 
transmission lines are predominantly inductive. The variant of Equation 18 and Equation 19 when 
    is taken as zero can be seen in Equation 20 and Equation 21. 
   
           
   
         
EQUATION 20 
   
           
   
           
    
 
   
 
EQUATION 21 
By redefining “            ” based on Equation 20 and Equation 21, it is possible to redefine load 
bus voltage as a function of the load bus’s reactive and real power; which in turn relates to the 
system’s power angle (δ). This is shown in Equation 22 to Equation 26. 
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EQUATION 22 
                                                        
 
      
         
 
 
   
              
 
         
 
 
   
EQUATION 23 
    
                    
       
            
 
          
 
    
EQUATION 24 
                    
   
                     
               
 
          
 
    
EQUATION 25 
   
                  
                         
 
                 
 
          
 
  
   
 
EQUATION 26: LOAD VOLTAGE MAGNITUDE SQUARED  
According to Equation 26, an increase in the load’s active power demand is initially accompanied by 
acceptable and fairly constant load voltages. In Figure 11, this operating region corresponds to the 
area where load active power is ≤ 0.3 per unit. However, above this active power demand, load 
voltage deteriorates sharply till it collapses. This relationship can be seen in Figure 11. A similar plot 
can be derived for the relationship between load voltage and load reactive power.  
The critical point in power demand (PL = 1.0 and VL = 0.7 in Figure 11) is determined by the 
characteristics of the system in question. Hence, by comparing the actual operating point with the 
system’s maximum operating point; that is, overlaying the current operating point on a plot similar to 
Figure 11, the stability of the system can be assessed since operating points outside the maximum 
deliverable power curves is not feasible and signifies voltage instability. According to [5], and 
supported by Equation 26, these characteristics also depend on the relationship between the 
transmitted power, receiving end voltage and the reactive power injection. Hence, factors that can 
influence voltage stability include both generator and load characteristics. 
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FIGURE 11: PLOT SHOWING    VS    FOR A SYSTEM WITH    =0.5,   =0 AND   =1.0 
As stated in [5], the stability-influencing factor for generators stems from the field and armature 
current limits. Armature current limits can be realized manually by network operators or 
automatically via generator AVRs (Automatic Voltage Regulators). For field current limits, they are 
automatically determined by the generators overexcitation limiters (OXL). Regardless of which limit is 
first reached, both field and armature current limits sets the boundaries for reactive power 
generation. When the load demands reactive power above the boundary set by either field or 
armature current, a response similar to the scenario of load’s over-demand of active power will ensue. 
This can leads to a further deterioration of the system’s voltage stability as the current operating 
point will correspond to regions outside the maximum power curve. Furthermore, [5] also explains 
that regulatory devices such as ULTC Transformers (Under-Load Tap Changers) would attempt to 
maintain a constant voltage at load point regardless the voltage-load characteristics. Loads whose 
power demands depend on the supplied voltage interact with the system characteristics. However, 
due to ULTCs, this may have a negative effect on the stability of the system if the voltage–power 
characteristic of the load is positive, and while attempting to increase load voltage, load power is also 
increased above the maximum generated power. During states of low system stability, these loads can 
be perceived as constant-MVA loads whereas a reduction in power demand would be beneficial to the 
stability of the system. 
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Additionally from [5], voltage collapse is the situation where a low voltage profile (or bus voltage) is 
present in a significant part of a power distribution system. Unlike voltage instability, voltage collapse 
is not a single, immediate event. It is the end result of a sequence of undesirable events in the power 
distribution network; and these events can be triggered by voltage instability. Voltage collapse, 
coupled with unsuccessful system-recovery actions, can easily lead to a power blackout incident. 
2.3.4 STABILITY ALGORITHMS  
Stability algorithms are formulas that enable the derivation of scalar representations of a system’s 
stability. They are generally categorized according to the power system parameter that is used to 
detect stability indication. In this report, two categories of stability algorithms are presented. They 
are: Voltage Stability Algorithms and Line Stability Algorithms. As their name implies, voltage stability 
algorithms mostly relate voltage stability to system stability; whereas, line stability algorithms 
measure the extent of a line’s stability and uses the result to estimate the overall system stability.  
It is important to note that these algorithms represent the extent of stability or instability by using 
accurate real-time system data. Thus, without the incorporation of synchrophasor devices, there 
would be no access to real-time data with the accuracy required to monitor system stability. The 
stability indices introduced below involve the some symbols. Definitions for these symbols are listed 
below. 
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2.3.4.1 VOLTAGE STABILITY INDICES 
The need to accurately evaluate the stability of a power system pertaining to bus voltages is crucial. It 
is this need that spurred the development of voltage stability indices (VSI) or voltage collapse 
proximity indices (VCPI). VSIs or VCPIs are indices that represent the voltage stability of a power 
system with scalar values. Depending on the type, properties and representation style such as upper 
and lower index limits, index sensitivity and complexity varies. However, most voltage stability 
indices represent voltage stability and collapse proximity with scalar values between 0 and 1. Among 
these are “Fast Voltage Stability Index”, “VCPI” and “VSI based on Maximum Power Transfers”. These 
are briefly reviewed in [12].  
2.3.4.1.1 VSI BASED ON MAXIMUM POWER TRANSFERS (VSI) 
As its title implies, this voltage stability index is based on the maximum transferable power of a 
system. As depicted in Equation 27, the stability index is derived from the ratio of the difference 
between maximum power and load bus power as seen from the perspective of the load. That is, the 
stability index is a representation of how well generated power is being transmitted to the load or the 
extent of how ‘lossless’ the system truly operates. 
        
       
     
 
       
     
 
       
     
  
EQUATION 27: STABILITY INDEX VSI (BASED ON MAXIMUM POWER TRANSFER) 
where: 
                                   
       
              
  
              
 
                                                          
Presented in [13], VSI can be seen as the continuation of Equation 26 since it is derived by zeroing-out 
the square-rooted part. Equation 28 to Equation 30 shows that equating the square-rooted part to 
zero ensures that only one solution exists for     : the corresponding load voltage value for the 
maximum deliverable power. 
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EQUATION 28 
                                    
 
 
     
               
       
   
  
EQUATION 29: MAXIMUM ACTIVE LOAD POWER 
                                    
    
 
      
  
     
     
     
 
EQUATION 30: MAXIMUM REACTIVE LOAD POWER 
Stability index values closer to zero (0) signifies a load bus voltage of marginal stability while stability 
index values closer to one (1) indicates that the bus voltage is stable. With the critical value being zero 
(0), a bus with stability index value less than or equal to zero (0) can be considered to have 
experienced voltage collapsed.  
2.3.4.1.2 FAST VOLTAGE STABILITY INDEX (FVSI) 
This stability index is based on the power flow between two bus systems, similar to the previous 
algorithm. However, in [12], it is introduced as being predominantly line sensitive; hence, its use as a 
line stability index. According to [12], FVSI calculates line stability index by utilizing the algorithm 
presented in Equation 31. 
      
        
         
 
EQUATION 31: STABILITY INDEX FVSI 
Interestingly, based on maximum load allowable, FVSI can also indicate the weakest bus in the system. 
Indices closer to one (1) indicates an unstable line (or sometimes, bus) whereas values closer to zero 
(0) indicate a relatively stable line (or bus).   
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2.3.4.1.3 INCREMENTAL REACTIVE POWER COST (IRPC) 
Introduced in [14], the IRPC algorithm calculates a stability index based on the ratio between the 
change in the generator’s reactive power and the change in the load bus’s reactive power. It is defined 
in Equation 32 which also represents, in terms of generator’s reactive power, the cost required for 
each additional reactive load increase hence its name ‘Incremental Reactive Power Cost’.   
       
     
   
 
   
 
EQUATION 32: STABILITY INDEX IRPC 
where:  
             
                         
                                             
As the additional reactive power ‘cost’ increases, so does the instability of the system. Although it 
seems that each system has its own ‘cost’ margin; it can be inferred, from the system under analysis in 
[14], that its collapse margin is most likely three (3) while its maximum stability ‘cost’ is zero (0).  
2.3.4.1.4 VOLTAGE COLLAPSE PROXIMITY INDEX (VCPI) 
The Voltage Collapse Proximity Index, reviewed in [12], is based on the admittance matrix of a power 
system; and thus, does not require the development of a Thevenin equivalent system. However, it 
requires a modified voltage phasor; this is calculated based on the voltage phasor of all buses along 
with the admittance matrix. The collapse index is then calculated according to Equation 33. 
           
   
   
      
  
  
EQUATION 33: STABILITY INDEX VCPI 
where: 
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Collapse index values closer to one (1) indicates that the system is relatively unstable as the collapse 
margin is one (1). However, a collapse index of zero (0) signifies that the voltage at that particular bus 
is relatively stable and should not result in voltage collapse.  
2.3.4.2 LINE STABILITY INDICES 
Line stability indices are mainly developed for assessing the stability of transmission lines; in 
particular, power system branches between the generation and load bus. However, since they are 
based on fundamental electrical principles, they mirror the state of boundary buses.     
2.3.4.2.1 LSI 
Reviewed in [12], this line stability index; similarly named ‘Line Stability Index’, is based on the power 
flow of a two bus power network. It represents the stability of a line or its surrounding buses 
according to Equation 34.   
      
                 
 
EQUATION 34: STABILITY INDEX LSI 
where: 
                                       
                                                                            
With stability index value of one (1) as the critical value, stability index values closer to one (1) 
indicates system branches or surrounding buses with low stability. Conversely, stability index values 
closer to zero (0) signifies branches or surrounding buses with relatively high stability. In essence, the 
lower the stability index, the higher the stability of the whole power system network.       
In this project, only stability indices titled “VSI based on Maximum Power Transfers”, “Fast Voltage 
Stability Index” and “LSI” will be tested and compared with respect to their efficacy at indicating 
voltage stability. Additionally, among these three, VSI will be selected for use in voltage regulation.  
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2.4 THEVENIN EQUIVALENCE ALGORITHM 
There are two generally accepted methods for the derivation of thevenin equivalent networks; one for 
relatively simple systems, the other for relatively complex systems. 
 
FIGURE 12: A SIMPLE SYSTEM FOR THEVENIN CALCULATION 
 
 
FIGURE 13: A SYSTEM COMPLEX SYSTEM FOR THEVENIN CALCULATION (ADAPTED FROM THE IEEE’S 14 TEST 
POWER SYSTEM) 
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The first method is the more commonly known ‘open-circuit-voltage’ and ‘short-circuit-current’ 
method. In Figure 12, the common method to derive Thevenin equivalence is to calculate the easiest 
combination consisting of two of the required three thevenin parameters: ‘Thevenin Voltage’, 
‘Thevenin Current’ and ‘Thevenin Impedance’. Hence, the thevenin equivalent circuit for Figure 12 can 
be obtained either by using Equation 35 and Equation 36, Equation 35 and Equation 37 or Equation 
36 and Equation 37. 
          
 
 
 
  
  
 
  
 
 
EQUATION 35: SIMPLE THEVENIN CALCULATION FOR IMPEDANCE 
           
  
      
                                                
EQUATION 36: SIMPLE THEVENIN CALCULATION FOR LOAD VOLTAGE 
       
   
     
 
 
 
  
  
 
  
 
 
    
 
 
  
 
 
 
  
  
 
  
 
       
     
  
      
    
 
 
 
  
  
 
  
 
 
EQUATION 37: SIMPLE THEVENIN CALCULATION FOR LINE CURRENT 
Now consider Figure 13. Due to the complexity of the power system network depicted in this figure, 
the thevenin method described above would not be recommended as it would not only be time 
consuming but prove to be difficult by hand calculations. Rather, the recommended method would be 
that of the thevenin equivalence algorithm. As its name implies, this algorithm is used to estimate 
thevenin equivalence parameters for a power system network; specifically, the thevenin equivalence 
source voltage and corresponding thevenin impedance. Reviewed in [13] and [12], the thevenin 
equivalence algorithm relies on the system’s admittance matrix in order to estimate a selected part of 
the power system. Pertaining to this project, this algorithm is essential because it allows for the 
minimization of synchrophasor locations by accurately estimating parts of the power system; thereby 
minimizing cost and data collection time. Additionally, due to the fact that it is based on the 
admittance matrix of the particular power system, it is relatively easy to adapt to other power 
systems. Unlike the previous method, it can also be pre-programmed.  
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FIGURE 14: PERCEPTION OF THE THEVENIN EQUIVALENCE ALGORITHM 
As shown in Figure 14, the thevenin equivalence algorithm is based on the assumption that system 
buses can be neatly partitioned into ‘Generator’, ‘Tie’ and ‘Load’ buses. The admittance matrix of such 
power system can be defined according to Equation 38. As shown in Equation 41 to Equation 43, 
further expansion of Equation 39 results in Equation 44 which defines the thevenin equivalent source 
voltage for a particular load with respect to other load voltages, load powers and connecting 
admittances. 
 
  
  
  
      
         
         
         
      
  
  
  
  
EQUATION 38: RELATIONSHIP BETWEEN CURRENT , VOLTAGE AND ADMITTANCE IN MATRIX FORM  
(It is important to note that each element can be a vector as there can be multiple Load, Tie and 
Generator Buses i.e.        matrix) 
   
                       
   
 
EQUATION 39: LOAD VOLTAGE VECTOR 
   
                        
   
 
EQUATION 40: TIE VOLTAGE VECTOR 
                    
                                       
                                
EQUATION 41: LOAD VOLTAGE VECTOR IN TERMS OF CURRENT VECTORS 
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EQUATION 42: GENERAL EXPRESSION FOR LOAD VOLTAGE (JTH LOAD BUS)  
              
    
    
 
 
              
     
    
  
 
          
                  
 
   
 
EQUATION 43 
                
          
     
 
 
            
                
     
    
  
 
          
                  
 
   
 
EQUATION 44: THEVENIN EQUIVALENT SOURCE VOLTAGE 
where: 
                    
        
  
 
                   
   
                  
                
                     
                      
             
Although the admittance matrix of a power system can be determined by implementing Kirchhoff’s 
Current Law or ‘KCL’ at nodes of interest, a ‘short-cut’ is provided in [15]. As implied from this 
method, there are 4 important steps that must be followed. There are: 
1. Ensure that the circuit only contains admittances and independent current sources. To do this, 
the equivalent admittance circuit must be derived i.e. voltage sources with series impedance 
can be converted to current sources with parallel admittance, other impedances can be 
replaced with their equivalent admittances. 
2. As long as it is correctly arranged; the current matrix on the left-hand side is ordered in a 
similar manner as the voltage matrix on the right-hand side, the diagonal admittance terms are 
the sum of the admittances connected to the corresponding nodes. 
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3. The ‘off-diagonal’ or non-diagonal terms are the negated admittances connected between the 
corresponding nodes i.e. between the row-node and corresponding column-node. 
4. The elements of the left-hand current matrix are the current values injected into the 
corresponding node by the current sources.  
2.5 SIMULATION PROGRAMS AND SOFTWARE 
2.5.1 MATLAB BY MATHWORKS 
Described as “…a high-level language and interactive environment for numerical computation, 
visualization, and programming” [16], Matlab serves as the main computational software used during 
this project as it allowed for, among others, the easy implementation of complex mathematical 
algorithms such as those pertaining to power system stability and thevenin equivalence. As its 
becomes increasingly prominent due to its computational efficiency, other software such as 
PowerFactory have made available means by which Matlab can be directly incorporated; essentially 
increasing the software’s adaptability, capability and user control. 
2.5.2 POWERFACTORY BY DIGSILENT 
As one of the two power system simulators utilized for the completion of this project, PowerFactory is 
a unique power simulator in that it allows data to be inputted and read in formats more commonly 
used in the power industry. For example, line data are per kilometers instead of per units.  
Additionally, PowerFactory seems to be more suited to simulations involving transmission and 
distribution systems over several kilometers. Described as “…the leading electrical network analysis 
tool for applications in generation, transmission, distribution and industrial systems” [17], 
PowerFactory also allows the user to specify, in-depth, properties of various electrical devices. It is 
used in conjunction with PowerWorld for various power system simulations throughout this project. 
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Chapter 3: STABILITY ANALYSIS USING STABILITY INDICES 
As previously mentioned, this chapter is aimed at the verification, analysis and comparison of stability 
indices selected for use in later stages of this project. Although this is a verification stage, it is perhaps 
the most important stage of the project because it not only serves as an introduction to stability 
indices but also provides an insight to what can be expected pertaining to challenges and goal 
attainment. Issues such as algorithm compatibility, interpretation and simulation complexities will be 
considered. Additionally, this chapter would provide sufficient information needed to evaluate 
algorithm efficiency at indicating system stability and allow a more accurate interpretation of 
algorithm indices.  
This section details the major procedures involved in the completion of this stage. This includes test 
power networks, data accumulation, implementation, testing and analysis.   
3.1 TEST NETWORKS 
In order to accurately determine the effectiveness of selected stability indices, test data would be 
derived from 2 power networks. Shown in Figure 15 and Figure 16 are the test systems represented 
as single line diagrams via PowerWorld and PowerFactory. (System data are provided in sections 9.1 of 
the Appendix) 
 
FIGURE 15: TEST POWER NETWORK 1 
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FIGURE 16: TEST POWER NETWORK 2 (IEEE ADAPTED [18] AND [19] ) 
The test power networks presented above should be sufficient for the verification of the selected 
stability indices as each embodies a unique topology. 
3.1.1 TEST POWER NETWORK 1 
Test power network 1, as depicted in Figure 15, consists of 2 Generators and 2 Loads, 1 Transmission 
line segment and 3 2-winding Transformers. The relatively simple topology of this 5-bus system 
allows for a better understanding of the stability algorithms and permitting for quick analysis or 
adjustment if necessary. As stated, system data such as bus voltages and element settings is given in 
section 9.1.1 of the Appendix. 
3.1.2 TEST POWER NETWORK 2 
Evident in its 9 buses and circular connection, Test power network 2 has a more complex structure. 
As depicted in Figure 16, it consists of 3 Generators and 3 Loads, 6 Transmission Line segments and 3 
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2-winding Transformers. It is derived from the IEEE 9-bus test system. As stated, system data such as 
bus voltages and element settings is given in section 9.1.2 of the Appendix. 
3.2 TEST CASES 
For the appropriate verification of the stability indices selected; “VSI based on Maximum Power 
Transfers”, “Fast Voltage Stability Index” and “LSI”, a few scenarios would be used in order to simulate 
possible real-life scenarios. As mentioned previously, only cases relating to load power increase 
would be used for testing. 
One possible trigger for voltage collapse is transmission line outage, which in itself, can be triggered 
by the tripping of breakers when a line overload occurs. Transmission line overloads occur when the 
demand power, that is, the power flowing through the transmission line, exceed the ratings of the line. 
An overloaded transmission line implies that a significant portion of the generated power is lost 
during transmission. It also signifies that the loss of other transmission lines in the power system is 
eminent if corrective actions aren’t taken.  
Another common trigger for voltage collapse incidents is the increase in load demand to the point 
where the supply side struggles to meet this demand in power. This can occur in both active and 
reactive power. As explained in section 2.3.3.2, when load demand exceeds a critical power limit, both 
load voltage and power would experience a significant decrease. If not attended to, this decrease 
continues to a point where voltage collapse occurs.      
However, as this chapter is aimed at simply testing and interpreting stability indices, only active and 
reactive load increase would be tested using the selected stability algorithms.   
3.3 TASK IMPLEMENTATION 
The implementation and verification of the voltage indices was mainly completed in MathWorks’ 
Matlab. Excluding data files compiled from PowerFactory simulation results, this task was completed 
via 3 major Matlab files. They are the ‘Main file’, the ‘Thevenin file’ and the ‘Stability Index files’; all of 
which are Matlab functions excluding the main file. 
As the name implies, the ‘Thevenin file’ is a function file in which the thevenin equivalence algorithm 
is encoded. It requires 4 inputs: admittance matrix, a vector of source voltage(s), a vector of load 
voltage(s) and a vector of load power(s). The resulting output produces 5 separate variables: a vector 
of Thevenin source voltage(s), a vector of Thevenin impedance(s), a re-arranged vector of load 
voltage(s), a re-arranged vector of load power(s) and a vector of Thevenin line current(s). Similarly, 
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the ‘Stability Index files’ are function files containing the algorithm of the selected stability indices.  
Each stability algorithm is coded as a separate function; thereby enabling indices selection and, when 
necessary, a time efficient debugging process. Lastly, the ‘Main file’ serves as the control center for the 
verification process. It utilizes or ‘calls’ all other required files, including the aforementioned 
functions, in order to successfully complete the verification process.   The general procedure for each 
test system data and test cases are detailed below. 
 Data Acquisition – The ‘Main file’ is programmed to read specially formatted text files 
containing system data compiled from simulations completed in PowerFactory. As stated, 
these file includes source and load voltage(s), load power(s) and a system’s admittance matrix. 
 Thevenin source(s) and impedance(s) Derivation using the Thevenin Equivalence Algorithm 
encoded in the ‘Thevenin file’ 
 Stability Indices Calculation – Deriving the system’s stability indices based on the three 
selected indices: VSI, FVSI and LSI.   
 Result, Analysis and Comparison – Based on the stability indices derived, a stability trend can 
be plotted. This plot, along with the P-V plot of the load bus in question, will be used to assess 
the sensitivity and accuracy of each of the selected stability indices.   
As stated previously, Matlab was used in conjunction with PowerFactory for the simulation and 
collection of test system data in this report. (Matlab codes regarding the Main, Thevenin and Stability 
Indices files can be seen in section 9.3 of the Appendix). 
3.4 RESULTS 
The results presented below; Load 2 and 5 (referred to as 1 for simplicity) for tests power networks 1 
and 2 respectively, were chosen because they highlight interesting aspects of each test network.  
However, a table of other load bus’s stability index values is provided in section 9.2 of the Appendix. It 
is important to recall; however, that each stability index was developed based on different 
characteristics of a power system or network. Therefore, the extent of instability VSI perceives, for 
example, might not be as intense or subtle as FVSI or LSI. 
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3.4.1 TEST POWER NETWORK 1 
 
FIGURE 17: STABILITY PLOT DERIVED BY INCREASING LOAD 2’S REACTIVE POWER (10% INCREMENT OF 
INITIAL LOAD Q IN PER UNIT) 
 
FIGURE 18: STABILITY PLOT DERIVED BY INCREASING LOAD 2’S ACTIVE POWER (10% INCREMENT OF 
INITIAL LOAD P IN PER UNIT) 
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FIGURE 19: VOLTAGE-POWER PLOT SHOWING LOAD 2’S FINAL STATE IN RED (DURING 10% INCREMENT OF 
INITIAL LOAD P IN PER UNIT) 
(Refer to section 5.4 for details on why the operating point is shown as being within, not on, the power 
curve) 
Shown in Figure 17 and Figure 18 are the stability trends for load 2 while experiencing a 10% 
increase in reactive and active power. This increase is based on the initial power value; that is, for the 
either power, 10% of said power’s initial value at Load 2’s bus is consecutively added. 
For both power increment cases, all 3 stability algorithms indicate that the system is stable at the final 
power values (0.495pu for the reactive increment case and 0.66pu for the active increment case). This 
is because both power increment cases have a significantly high VSI value as well as significantly low 
FVSI and LSI values; and as stated in section 2.3.4, VSI reflects maximum stability with a value of 1 
while LSI and FVSI reflects maximum system stability with values of 0. 
In order to further verify this interpretation, the voltage-power plot shown in Figure 19 was 
generated for the active-power-increment case. As expected, the plot supports the previous analysis 
that; with a thevenin voltage of                 , load voltage of                    and a P and Q 
value of 0.66 and 0.165 per units respectively, Load 2’s bus is operating at a stable region.  (A table of 
the actual stability indices derived via VSI, FVSI and LSI can be seen in section 9.2.1 of the Appendix)        
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3.4.2 TEST POWER NETWORK 2 
 
FIGURE 20: STABILITY PLOT DERIVED BY INCREASING LOAD 1’S REACTIVE POWER (10% INCREMENT OF 
INITIAL LOAD Q IN PER UNIT) 
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FIGURE 21: STABILITY PLOT DERIVED BY INCREASING LOAD 1’S ACTIVE POWER (10% INCREMENT OF 
INITIAL LOAD P IN PER UNIT) 
 
FIGURE 22: VOLTAGE-POWER PLOT SHWOING LOAD 1’S FINAL STATE IN RED (DURING 10% INCREMENT OF 
INITIAL LOAD P IN PER UNIT) 
(Refer to section 5.4 for details on why the operating point is shown as being within, not on, the power 
curve) 
Similar to the results of test network 1, Figure 20 and Figure 21 show the stability trends for load 1 
while experiencing a 10% increase in reactive and active power respectively. As previously stated, 
this implies that 10% of the varying power’s initial value at Load 1’s bus is consecutively added and 
the values are recorded and analyzed using VSI, FVSI and LSI. 
In Figure 20 and Figure 21, VSI contradicts both FVSI and LSI as it indicates that the system is stable 
while the other two stability algorithms disagree. However, it is the VSI-derived stability values that 
are somewhat suspicious since it shows no change in system stability while either active or reactive 
power varies.  
For VSI, defined in Equation 27, load power is the same as the difference between actual load power 
and maximum load power. In the case of FVSI and LSI, defined in Equation 31 and Equation 34 
respectively, the absolute thevenin source voltage is significantly small and results in large stability 
indices from FVSI and LSI. However, as shown in Figure 22, the load voltage’s magnitude (         
         ) and load power (2.845 per unit) suggests that the system is quite stable and the current 
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operating region is in the acceptable voltage-power region of the P-V curve. (Stability indices 
pertaining to the derived stability indices for both cases can be seen in section 9.2.2 of the Appendix) 
3.5 ANALYSIS AND COMPARISON 
In order to gain further insight regarding the effectiveness and sensitivity of the stability algorithms, it 
can be helpful to compare a few critical stability indices to their corresponding operating points. 
These are highlighted in Table 2. 
TABLE 2: SOME OPERATING POINT PROPERTIES FOR TEST POWER NETWORKS 1 AND 2 
System Name Load B us Power (per unit) Operating Point Properties 
Test Power Network 1: Load 2 
SBASE = 100 MVA 
10%  increment of:  
QINITIAL = 16.5 MVAr 
PINITIAL = 22 MW 
0.22+0.165j (Initial) 
Reactive Load Manipulation 
0.22+0.4785j 
 
Real Load Manipulation 
0.484+0.1650j 
[60.13,6.879]%  Gen Loading 
Reactive Load Manipulation 
[80.94,13.67]% Gen Loading 
[80.94,13.67,42.42]% Trans Loading 
Real Load Manipulation 
[81.55,7.018]% Gen Loading 
[81.55,36.84,50.19]% Trans Loading 
Test Power Network 2: Load 1 
SBASE = 100 MVA 
10%  increment of:  
QINITIAL = 50 MVAr 
PINITIAL = 125 MW 
1.25+0.5j  + 0.5130 (Initial) 
Reactive Load Manipulation 
1.25+1.0j + 0.5020 
 
Real Load Manipulation 
2.0+0.5j + 0.4138 
[67.22,22.97,46.88]% Gen Loading 
Reactive Load Manipulation 
[69.68,30.69,50.20]% Gen Loading 
0.9480˂-10.56° pu V Load 1 
Real Load Manipulation 
[83.82,25.73,51.62]% Gen Loading 
[80.59,12.55,10.07]% Trans Loading 
 
As presented in Table 2, Generator 1 for test power network 1 was initially operating at around 60% 
of its maximum power. When the reactive power demand rose to 0.4785 per units, Generator 1 was 
required to operate at 80% of its maximum power rating in order to supply the demanded power. 
However, as seen in the stability plot in section 3.4.1, all 3 stability algorithms indicated that Load 2’s 
bus was over 90% stable; and thus, implying that the overall system is stable. 
Conversely, for test network 2, only 2 of the 3 stability algorithms used indicated that Load 1’s bus 
was initially unstable; suggesting that the system was never stable to begin with and the increase in 
load demand simply exacerbated the situation.  In order to truly determine the state of the system; 
however, it is important to re-visit the expressions used in the calculation of these stability 
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algorithms. Going back through VSI, FVSI and LSI; Equation 27, Equation 31 and Equation 34 
respectively, a few details stand out: 
1) VSI is calculated as the minimum of three different power rations involving active, reactive 
and apparent power. It also takes into account the thevenin reactance of the system. Hence, 
VSI should be capable of representing any stability variations due to all 3 power forms as well 
as the transmission reactance of the system. 
2) FVSI is predominantly reflective of stability changes due to a system’s reactive component; 
particularly, a system’s reactive power and thevenin reactance. Therefore, it is reasonable to 
expect FVSI to be an accurate reflection of any stability variation due to reactive components. 
On the other hand, it shouldn’t be shocking that FVSI may not be as accurate when 
representing stability variations due to active components, for example, a change in the real or 
active power demand. 
3) LSI; introduced as a line stability algorithm, produces stability results quite similar to FVSI. 
This is because LSI also considers both reactive power changes and thevenin reactance when 
deriving stability indices. However, unlike FVSI, LSI also takes into account changes in load 
power factor. This suggests that LSI should be more accurate than FVSI when representing 
stability variations due to voltage changes as well as real power changes. 
However, the most important concept in the development of stability indices is that they are all based 
on reasonable assumptions i.e. constant load active power, constant load power factor and constant 
load reactive power. Based on these facts, it can be seen that not only are multiple stability indices 
required for an accurate assessment of system stability, the state of the system must be considered 
before the results from a stability index is acted upon. In test power network 2, the P-V curve was 
used to quickly check the current state of the system; and based on this, VSI was found to be more 
reflective of the system’s stability.  
In a different situation, LSI or FVSI could have been more reflective of system stability as the situation 
may coincide with the fundamental assumption in the development of LSI or FVSI. Hence, as 
previously stated, multiple stability indices, as opposed to a single stability index, is preferable in 
stability assessment so that a wider range of situations can considered.  
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Chapter 4: STABILITY INDICES IN VOLTAGE REGULATION 
With a better understanding of the tested stability indices, it becomes obvious that these indices can 
be advantageous when implemented into various transmission and distribution applications. One 
such application is the incorporation of stability indices in a system’s voltage regulation procedure. 
Voltage regulation refers to the process whereby bus voltage levels are maintained within an 
appropriate boundary via regulatory devices such as capacitor banks and transformers. Since voltage 
regulation only aims to maintain voltage level, the inclusion of stability algorithms allows for the 
regulation of not only voltage levels but also system stability. However, it is important to remember 
that, as stability algorithms reflect system stability numerically, they require accurate, real-time 
system data. Hence, it becomes redundant to utilize stability algorithms in voltage regulation 
procedures without the inclusion of synchrophasor devices. This is because synchrophasor devices 
can accurately measure system data, transmit said data; and therefore, reliably monitor a system’s 
behavior.  
Hence, it is only through the use of synchrophasor devices that stability algorithms can produce a 
reliably reflect a system’s stability. Likewise, it is only through the use of a reliable representation of 
system stability; synchrophasor-based stability algorithms, that the incorporation of stability 
algorithms in voltage regulation becomes worthwhile. 
4.1 VOLTAGE REGULATION 
Distribution networks have grown from being simply passive to being active. This implies that, as 
loads involving resistive and reactive components become more common, and significant fluctuations 
ensue due to the increase in renewable and distributed generation sources, power flow can no longer 
be seen as the simple flow from generation to load. Hence, it becomes a necessary for network 
operators to monitor voltage levels and ensure that they are kept within acceptable limits. Voltage 
regulation, according to [15], can be referred to as the percentage of voltage loss with respect to the 
voltage at the load bus, as defined by Equation 45. For an ideal power system network; zero voltage 
loss during transmission, the expected percentage regulation, as defined in Equation 45, is zero (0). In 
reality, it is near impossible to operate with zero (0) percentage regulation; besides, according to [20], 
a high steady state voltage can be just as detrimental to electrical equipment as a fluctuating voltage 
level. The aim is to maintain the voltage within the acceptable range.      
                                
               
     
      
EQUATION 45: VOLTAGE REGULATION 
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This section focuses on the procedures required to regulate and control voltage at the load 
irrespective of power fluctuations and other load characteristics.   
4.1.1 VOLTAGE REGULATION DEVICES 
There are various devices developed to control and regulate voltage levels to within an acceptable 
range. Overviews of various regulatory methods are discussed in [21]; however, a brief description of 
some methods is provided in this section. 
4.1.1.1 NETWORK RECONFIGURATION 
According to [21], network reconfiguration for voltage regulation refers to opening or closing of 
normal open points (NOP) between two radial feeders via relays. The closing of such points would 
convert the ‘radial’ configuration of the system into a ‘ring’ configuration. Among others, the 
minimization of power loss throughout the system is an advantage of this regulation method. The 
reduction in lost power is achieved through the addition of ‘alternate’ paths created due to the ‘ring’ 
configuration. This allows for the mitigation of stability-deteriorating events such as transmission line 
overload. 
However, as this is a relatively new method for voltage regulation, issues such as NOP positions, 
required NOP sequence under multiple power system operations and complex NOP structures 
incorporating other voltage regulation methods are still being tackled [21]. These are crucial issues 
since they determine the overall efficiency of this regulation method.  
4.1.1.2 SHUNT CAPACITOR BANKS (SCB) 
Capacitor banks produce reactive power; hence, a (shunt) capacitor bank generating similar reactive 
power magnitude as the load demands can significantly reduce the portion of apparent power that is 
transmitted as reactive power. Thus, allowing for further active power to be demanded, by the load, 
from the source.  
As shown in Figure 23, capacitor banks are implemented as power factor correctors since they 
improve load power factor by generating the required reactive power. Load Tap Changers or LTC 
(later discussed in section 4.1.1.3) and Shunt Capacitor Banks (SCBs) “…may be utilized on systems 
where simple radial load flow may not exist or where the SCB is located at a point where it is difficult 
to determine the amount of load current and resulting voltage levels needed to properly adjust the 
LTC and SCB operating parameters.” [22].  Size details for 2 industrial capacitor banks is provided in 
section 9.4 of the Appendix. 
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FIGURE 23: AN EXAMPLE OF THE EFFECT OF A SHUNT CAPACITOR BANK (WHERE 0.45PU QL IS REQUIRED) 
4.1.1.3 LOAD TAP CHANGERS (LTC) 
Unlike capacitor banks which are sometimes referred to as ‘reactive generators’, Load Tap Changers 
do not specifically generate reactive power; rather, they simply step up or down primary voltage and 
current. They can directly manipulate load voltage by increasing or decreasing the transformer 
winding ratio or taps positions in order to increase or decrease the output voltage respectively. 
Although an ideal transformer does not consume power, real transformers have inductive elements 
that consume reactive power; thus, increasing the reactive power demand. However, since it allows 
for direct voltage manipulation by varying tap settings; and can therefore improve voltage profiles 
since power loss is reduced at a higher voltage, it is an essential part of power transmission and 
distribution. Additional reactive power consumed by the transformer can be dampened by a capacitor 
bank of similar reactive power ratings. 
For a transformer, the ratio between the primary and secondary windings is similar to the ratio 
between the primary and secondary voltages. Output or secondary voltage can be determined by 
rearranging Equation 46; which shows the voltage-to-winding relationship. Similarly, as secondary 
current is according to Equation 47, the impedance ‘seen’ from the perspective of the primary winding 
(   ) is according to Equation 48; which is in terms of the secondary impedance ( ). Additionally, the 
resulting secondary voltage after a tap change can be calculated according to  
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EQUATION 46: TRANSFORMER RELATIONSHIP BETWEEN VOLTAGE AND NUMBER OF WINDINGS 
     
     
  
  
  
 
EQUATION 47: TRANSFORMER RELATIONSHIP BETWEEN CURRENT AND NUMBER OF WINDINGS 
    
  
  
  
    
  
  
 
    
  
  
  
   
  
  
 
 
    
EQUATION 48: TRANSFORMER RELATIONSHIP BETWEEN IMPEDNACE AND NUMBER OF WINDINGS 
                                           
                                           
   
  
EQUATION 49: TRANSFORMER VOLTAGE AFTER TAP CHANGE  
where:      
                            
                                                                 
                                        
                                                                                     
In order to avoid unnecessary tap changes during transient voltage fluctuations; normally known as 
‘hunting’, time delays are usually allowed between tap changes. According to [21], a tap change takes 
about 3 to 10 minutes and several minutes interval between frequent operations is required when 
taking into account oxidisation in the tank oil.  
One possible problem, with the use of SCBs and LTCs, is unnecessary switching. Either due to their 
respective dead-band or to the possibility of each being unaware of the other’s control impact, 
repetitive switching; or ‘hunting’, can occur in the power system. According to [22], synchrophasor 
incorporated devices; such as “SEL-487E Transformer Protection Relay and SEL-487V Capacitor 
Protection and Control System”, can eliminate hunting events by allowing for real-time data 
communication between regulatory devices. Thus, each device would be aware of the other’s impact 
on voltage level and take only complementary regulatory actions such as suspending LTC operations 
when necessary.            
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4.2 PROPOSED STRUCTURE 
 
FIGURE 24: STRUCTURE FOR VOLTAGE REGULATION PLUS STABILITY (SIMULATION) 
As depicted in Figure 24, the proposed structure requires a simulation of the power system in 
question. This simulation allows for a step-by-step stability analysis of various feasible operating 
points while the settings of a regulatory device is changed; and subsequently, allows for the optimum 
combination of acceptable load voltage and stability to be determined and implemented in the actual 
power system via the chosen voltage regulatory devices. Additionally, by simulating the power 
system, undesirable consequences due to unstable operating points and other unforeseen 
circumstances; such as hunting, can be safely investigated, counteracted or avoided. 
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4.3 EXAMPLE 
 
FIGURE 25: SIMPLE 4-BUS SYSTEM TO BE USED AS EXAMPLE (NORMAL OPERATION: T2 TAP = 3 AND LOAD 
VOLTAGE = |0.9439| AT -5.8969°) 
TABLE 3: DATA FOR EXAMPLE SYSTEM 
Bus Voltages (Nominal) Elements and Properties 
Bus 1 = 1pu (Base = 15kV L-L) T1 = Transformer, Z = 0.00299+0.0398j pu , Absoluteuk0 = 3%, 
Srated = 100MVA  
Bus 2 = 1pu (Base = 132kV L-L) L1 = Line, Vrate = 132kV, Irate = 7.5kA, Z = 0.01938+0.1721j pu, 
CableType=Overhead 
Bus 3 = 1pu (Base = 132kV L-L) T2 = Transformer, Z = 0.00299+0.0398j pu, Absoluteuk0 = 3%, 
Srated = 100MVA, Tap norm = 3, Tap low = 1, Tap high=9,  
Voltage per tap = 1%, Additional Phase Shift = 0°  
Bus 4 = 1pu(Base = 11kV L-L) Load, P = 40MW, Q = 15MVar 
 
As shown Figure 25, this example utilizes a simple 4-bus system. It is composed of a single Generator, 
2 Transformers (T2 as Tap-changing), 1 Transmission line segment and 1 Load. This example will 
present one possible method of incorporating stability algorithm into voltage regulation procedure via 
the use of tap transformer T2 as the regulating device.  
4.3.1 IMPLEMENTATION 
As mentioned in section 4.1.1.3, it is important to switch transformer taps decisively so as to increase 
the lifespan of the transformer and reduce further risks on operators and consumers. Hence, network 
operators always calculate the required tap necessary for voltage regulation before any tap switching 
is done. This implies that the targeted bus’s voltage must have been calculated via the power system 
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model in order to avoid situations such as voltage hunting. In this example, load voltage will be 
modeled according to Equation 49 . A simulation of Transformer 2 (T2) under various tap changes 
will be completed in Matlab and the resulting load voltages and line currents will be used as inputs for 
the selected stability index in order to determine whether the current operating point provided both 
acceptable load voltage and acceptable voltage stability. In this example, only stability index VSI will 
be included in the voltage regulation procedure. The combined procedure will be simulated in Matlab.  
(The corresponding Matlab file section are shown in section 9.3.1 of the Appendix)               
4.3.2 RESULTS 
The results tabulated below are the system’s optimum operating points under different scenarios 
such as the below-ideal load voltage state indicated in Figure 25, load increase events and load 
decrease events. Simulated in Matlab, the results show the advantageous outcomes of incorporating 
stability analysis methods into voltage regulation procedures. For the results below, the acceptable 
range for load voltage is selected as [0.96, 1.04].  
TABLE 4: (MATLAB) TRANSFORMER TAP AND LOAD VOLTAGE UNDER VR+SI (INITIAL STATE AS IN FIGURE 25) 
(Initial) – Vl (Initial) S- I (Initial) - Tap (VR+SI) - Vl (VR+SI) - SI (VR+SI) – Tap 
0.9389 - 0.0970i 0.6369 3 0.9577 - 0.0989i 0.6369 5 
 
 
FIGURE 26: (POWERFACTORY) TRANSFORMER TAP AND LOAD VOLTAGE UNDER VR (INITIAL STATE AS IN FIGURE 25) 
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TABLE 5: (MATLAB) TRANSFORMER TAP AND LOAD VOLTAGE UNDER VR+SI (LOAD POWER = 48MWW + 18MVAR) 
(Initial) – Vl (Initial) S- I (Initial) - Tap (VR+SI) - Vl (VR+SI) - SI (VR+SI) – Tap 
0.9230 - 0.1164i 0.5643 3 0.9599 - 0.1210i 0.5643 7 
 
 
FIGURE 27: (POWERFACTORY) TRANSFORMER TAP AND LOAD VOLTAGE UNDER VR (LOAD POWER = 48MWW + 18MVAR)  
The results above support the notion that; although transformer tap changes do not influence load 
voltage stability, the simple Matlab program (provided in section 9.3.1 of the Appendix) that simulates 
the stability indices-incorporated-voltage regulation (VR+SI) procedure suggest a transformer tap 
position that coincides with PowerFactory’s voltage regulation procedure. Hence, the incorporation of 
stability algorithms does not diminish the effectiveness of voltage regulation. 
 Additionally, the inclusion of stability algorithms as well as the step-by-step analysis method ensures 
that only regulatory device settings corresponding to the optimum combination of acceptable load 
voltages and stability indices are implemented in the system. 
Moreover, it is obvious that by assessing the stability of possible operating points, an optimum 
operating point can be chosen. With the knowledge that stability indices can be used to assess the 
stability of an operating point; as confirmed in the previous chapter and the fact that various software 
have been developed to model and simulate power systems; PowerFactory for instance, it is clear that 
the proposed structure is feasible albeit with a clear condition for exiting the voltage regulation + 
stability procedure.     
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Chapter 5: CHALLENGES AND RECOMMENDATIONS 
Challenges encountered during the completion of this project are detailed below. Based on these 
challenges, some recommended actions are also detailed below. 
5.1 SOFTWARE INTERCONNECTIVITY 
The main software used in the completion of this project are PowerFactory and Matlab. PowerFactory 
was used to model and simulate power systems, and subsequently, use the results to represent 
synchrophasor measurements. Matlab was used to test and analyze stability indices by developing 
algorithms that corresponding to the selected stability indices. 
 However, in order to simulate the whole synchrophasor structure as shown in Figure 3, data derived 
from PowerFactory simulations had to be compiled and stored in a text file (see section 3.3). This text 
file acts as the input to the Matlab file which relies on the developed stability algorithms in order to 
analyze and graphically represent the stability trend of a particular system. Although it was 
discovered during the course of this project that PowerFactory had in-built procedures to read and 
write data from and to Matlab, this procedures weren’t used due to their complexity. 
Since the connection of both PowerFactory and Matlab will allow data to be exchanged between both 
software (pseudo-synchrophasor measurement device (PowerFactory) and analyses and visualization 
software (Matlab)) in real-time, further studies on Matlab’s and PowerFactory’s in-built procedures is 
recommended. With the ability to transmit data between PowerFactory and Matlab, there will be no 
need to store and compile system simulation result in a text file. Furthermore, this may allow for the 
possible segue between power system simulation (PowerFactory), system analysis and calculations 
including stability analysis (Matlab), and implementation in power system simulation 
(PowerFactory). Consequently, this will allow for the presentation of clearer examples, albeit 
simulated, that could highlight various advantages of the proposed voltage regulation-plus-stability 
indices method. 
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5.2 STABILITY INDICES 
Although a fair understanding of stability indices was gained, it would be prudent to recommend 
further studies on their application on various power systems. This will allow for an even deeper 
understanding to be achieved; understanding that may even lead to further improvements on already-
developed stability indices or the developments of an entirely new stability index. 
Additionally, it is obvious that, since each stability index is developed based on different 
characteristics of a power system, each stability index will possess different properties in terms of 
stability assessment and sensitivity. Consequently, the use of multiple stability indices is 
recommended in the proposed incorporation into voltage regulation procedures. This method will 
ensure minimal error and would be sensitive to more stability-degrading events that occur in the 
power system.    
5.3 SYNCHROPHASORS 
Nowadays, almost all relays are capable of synchrophasor measurements since synchrophasors have 
been incorporated into their design. However, since this project is simulation-based, future studies on 
synchrophasor applications is recommended. This is because, in reality, unfortunate and unexpected 
developments may occur. Hence, further studies on actual synchrophasor applications will provide 
additional knowledge on how to react to these unfortunate developments and improving practical 
implementation skills. This may also give rise to more accurate methods of simulating power system 
scenarios involving synchrophasor devices and measurements. 
5.4 SOFTWARE ACCURACY 
The level of accuracy in software outputs differ with the accuracy of input values provided. For 
instance, in Figure 19 and Figure 22, the current operating point of each system is overlaid on their 
respective P-V curve. However, it can be seen that the overlaid operating points are within, instead of 
on, their respective P-V curve and this could suggest that the system has a different power factor to 
the system the P-V plot refers to. Fortunately, this is not the case. As simulation results were required 
in the P-V curve calculations (within Matlab), values such as 0.99 were rounded to 1. Contrarily, the 
current operating point’s load voltage and power, overlaid on the created P-V curve, were not derived 
based on Matlab calculations and were, consequently, not rounded-off; hence, the perceived error. 
This experience highlights the important of understanding the simulation software as uncontrollable 
events such as slight differences in accuracy can significantly affect result presentation.     
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Chapter 6: FUTURE WORK 
During the completion of this project, a few areas were noted to be in need of future development. As 
stated in the previous chapter, these areas include further research on stability indices and the real-
time data exchange between computational software (Matlab) and power system simulation software 
(PowerFactory).   
In order to reliably assess the stability of a system, it is recommended to use multiple stability indices 
and compare their results. However, as seen in section 3.4.2, stability indices do not always coincide 
with each other’s interpretation of the system’s stability. When one of the stability indices utilized 
give a significantly different indication of system stability, it defeats the purpose of increasing 
assessment reliability through algorithm corroboration. Hence, it is important to fully understand the 
underlying stability indices as the problem may lie in the interpretation of its index. In this project, 
one of the future plans would be to research into stability indices VSI, FVSI and LSI in order to better 
determine how it was developed as well as methods to minimize interpretation errors. 
Pertaining to data exchange, the availability of data in real-time not only increases the number of 
possible system analysis but it is also a faster and more efficient way of deriving system data. In this 
project, the method used to feed system data into stability indices was to first record these data in 
notepad, then import these data into the stability indices. As stated, a more effective method would be 
to directly link the computational and network simulation software so that data can be exchanged 
immediately. Hence, another area in need of future research is the real-time exchange of data between 
Matlab and PowerFactory. Achieving this would not only save time but also allow for the stability 
assessment of the system during transient states; thus, increasing the possibility of both voltage and 
rotor stability analysis.           
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Chapter 7: CONCLUSION 
Challenges spur growth through innovation and creativity. As the population increases, power 
industries all around the world are faced with the challenge of maintaining an acceptable level of 
power network operation. This has called for advancements in technology such as digital relays and 
synchrophasors. It has also re-ignited research into other feasible methods of power generation such 
as wind turbines and solar. However, as power distribution networks become larger, they become 
more complex and unpredictable, leaving significant room for the occurrence of undesirable incidents 
and human error.  
Particular to this project, synchrophasors lay the foundation of improving system monitoring and 
state awareness by providing reliable, time-synchronized data in real-time. Stability algorithms have 
been shown to be a reliable, accurate and time-saving method of indicating system stability as they 
represent system stability using easy-to-interpret scalar values. With the aim of mitigating voltage 
collapse and blackout occurrences, this project shows that the introduction of stability algorithms and 
synchrophasor measurements in voltage regulation is a positive step towards improving power 
network control. This is an important prospect not only because of the resulting efficiency increase in 
power distribution as well as the reduction of voltage collapse triggers but also because of the positive 
effect on safety measures both for consumers and network operators.  
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Chapter 9: APPENDIX 
9.1 DATA FOR TEST POWER NETWORKS 
9.1.1 TEST POWER SYSTEM NETWORK 1 
 
FIGURE 28: DATA 1 TEST POWER NETWORK 1 
 
 
FIGURE 29: DATA 2 TEST POWER NETWORK 1 
 
 
 
 
 
Line NameR X B' Y Z V_Rated(kv)
Line 4-5 9.68 24.2 0 0.0142490738102023-0.0356226845255058i 9.68+24.2i 5.5
Trans 1-3 0 0.03 0 -33.3333333333333i 0.03i -
Trans 2-4 0 0.03 0 -33.3333333333333i 0.03i -
Trans 3-5 0 0.03 0 -33.3333333333333i 0.03i -
Sbase(MVA) = 100
All Transformers are in PER UNIT
Bus Name V_Nom (kv)
Bus1 22
Bus2 11
Bus3 220
Bus4 110
Bus5 110
Loads P(MW) Q(Mvar)
load 1 20 32
Load 2 22 16.5
Gen S(MVA) V_Nom(kv) PF xd xq V_target(pu)
G1 100 22 0.48 2 2 1
G2 100 11 0.72 2 2 1
Line Name Zbase(Ω) Z(pu) Y(pu)
Line 4-5 121 0.08+0.2i 1.72413793103448-4.31034482758621i
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9.1.2 TEST POWER SYSTEM NETWORK 2 
 
FIGURE 30: DATA 1 TEST POWER NETWORK 2 
 
 
FIGURE 31: DATA 2 TEST POWER NETWORK 2 
 
 
 
 
 
 
Line Name R(pu) X(pu) B'(pu) Y(pu) Z(pu) V_Rated(kv)
Line 4-5 0.01 0.085 0.176 1.36518771331058-11.5160955631399i 0.0101512874302067+0.0856315911690058i 230
Line 4-6 0.017 0.092 0.158 1.94219124871473-10.4316820518679i 0.0172498007912751+0.0926502152822087i 230
Line 5-7 0.032 0.161 0.306 1.18760437929115-5.82213453330859i 0.0336358897203564+0.164897232204831i 230
Line 6-9 0.039 0.17 0.358 1.28200913842411-5.40924496236153i 0.0414842988849879+0.175036766927075i 230
Line 7-8 0.0085 0.072 0.149 1.61712247324614-13.6234785969084i 0.0085919234988016+0.0723828206142193i 230
Line 8-9 0.0119 0.1008 0.209 1.1550874808901-9.67977042636317i 0.012154698012203+0.101857814500105i 230
Trans 1-4 0 0.0576 0 -17.3611111111111i 0.0576i -
Trans 2-7 0 0.0625 0 -16i 0.0625i -
Trans 3-9 0 0.0586 0 -17.0648464163823i 0.0585999999999998i -
Sbase(MVA) = 100
Bus Name V_Nom (kv)
Terminal_1 16.5
Terminal_2 18
Terminal_3 13.8
Terminal_4 230
Terminal_5 230
Terminal_6 230
Terminal_7 230
Terminal_8 230
Terminal_9 230
Loads P(MW) Q(Mvar)
L5 125 50
L6 90 30
L8 100 35
Gen S(MVA) V_Nom(kv) PF xd(pu) xq(pu) V_target(pu)
G1 500 16.5 0.9 0.146 0.0969 1.04
G2 250 18 0.96 0.8958 0.8645 1.025
G3 100 13.8 0.9 1.3125 1.2578 1.025
Line Name Zbase(Ω) R X B'
Line 4-5 529 5.29 44.965 0.000166
Line 4-6 529 8.993 48.668 0.000149
Line 5-7 529 16.928 85.169 0.000289
Line 6-9 529 20.631 89.93 0.000338
Line 7-8 529 4.4965 38.088 0.000141
Line 8-9 529 6.2951 53.3232 0.000198
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9.2 STABILITY INDICES FOR TEST POWER NETWORKS 
9.2.1 TEST POWER SYSTEM NETWORK 1 
 
FIGURE 32: STABILITY INDICES FOR TEST POWER NETWORK 1 WITH VARYING REACTIVE POWER (LOAD 1) 
 
 
FIGURE 33: STABILITY INDICES FOR TEST POWER NETWORK 1 WITH VARYING REACTIVE POWER (LOAD 2) 
 
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.918731523 0.081179254 0.128917696 0 1.00222662987506 - 0.0259224260499445i 0.987119435050141 - 0.0126119366589696i 0.420400000000000 + 0.419100000000000i
0.91316401 0.086740642 0.133350232 1 1.00220717435430 - 0.0261759298474021i 0.986119362658306 - 0.0126112089181177i 0.420400000000000 + 0.447800000000000i
0.907615471 0.092282943 0.139008076 2 1.00218765698660 - 0.0264294272226561i 0.985319274047339 - 0.0126130167218102i 0.420500000000000 + 0.476400000000000i
0.902047356 0.097844919 0.144147666 3 1.00216793867024 - 0.0266843317022661i 0.984419171731105 - 0.0126152419019802i 0.420500000000000 + 0.505100000000000i
0.896478932 0.103407203 0.149358615 4 1.00214801810918 - 0.0269406431595464i 0.983519091565093 - 0.0126157253843917i 0.420500000000000 + 0.533800000000000i
0.890909969 0.108969868 0.154599106 5 1.00212763313456 - 0.0271963801464579i 0.982618989513442 - 0.0126179018692658i 0.420600000000000 + 0.562500000000000i
0.885360318 0.114513388 0.160345084 6 1.00210743460673 - 0.0274540975380979i 0.981818901358224 - 0.0126196250233758i 0.420600000000000 + 0.591100000000000i
0.879790783 0.120076597 0.16566477 7 1.00208703079475 - 0.0277132215996950i 0.980918799555134 - 0.0126217542091173i 0.420700000000000 + 0.619800000000000i
0.874221113 0.125640102 0.171031495 8 1.00206655191915 - 0.0279723455349783i 0.980018719915468 - 0.0126221478064171i 0.420700000000000 + 0.648500000000000i
0.86865091 0.13120395 0.176438109 9 1.00204574388830 - 0.0282342758695906i 0.979118618380790 - 0.0126242282968930i 0.420800000000000 + 0.677200000000000i
0.863099785 0.136748723 0.181848313 10 1.00202485905358 - 0.0284962058838150i 0.978218516979250 - 0.0126262836542554i 0.420900000000000 + 0.705800000000000i
0.857529146 0.142313175 0.187311726 11 1.00200388755456 - 0.0287581422944669i 0.977318415711372 - 0.0126283138785083i 0.420900000000000 + 0.734500000000000i
0.851957939 0.147877981 0.192818509 12 1.00198258247867 - 0.0290228846406879i 0.976418314577684 - 0.0126303189696559i 0.421000000000000 + 0.763200000000000i
0.846406028 0.153423713 0.198322865 13 1.00196120873175 - 0.0292876197344578i 0.975518213578712 - 0.0126322989277023i 0.421000000000000 + 0.791800000000000i
0.840834152 0.15898916 0.203882608 14 1.00193961230528 - 0.0295537674429827i 0.974618112714982 - 0.0126342537526516i 0.421100000000000 + 0.820500000000000i
0.835261918 0.164554945 0.209470607 15 1.00191780172979 - 0.0298213208959244i 0.973718011987021 - 0.0126361834445081i 0.421200000000000 + 0.849200000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.918731523 0.081179254 0.128917696 0 1.00222662987506 - 0.0259224260499445i 0.987119435050141 - 0.0126119366589696i 0.420400000000000 + 0.419100000000000i
0.91316401 0.086740642 0.133350232 1 1.00220717435430 - 0.0261759298474021i 0.986119362658306 - 0.0126112089181177i 0.420400000000000 + 0.447800000000000i
0.907615471 0.092282943 0.139008076 2 1.00218765698660 - 0.0264294272226561i 0.985319274047339 - 0.0126130167218102i 0.420500000000000 + 0.476400000000000i
0.902047356 0.097844919 0.144147666 3 1.00216793867024 - 0.0266843317022661i 0.984419171731105 - 0.0126152419019802i 0.420500000000000 + 0.505100000000000i
0.896478932 0.103407203 0.149358615 4 1.00214801810918 - 0.0269406431595464i 0.983519091565093 - 0.0126157253843917i 0.420500000000000 + 0.533800000000000i
0.890909969 0.108969868 0.154599106 5 1.00212763313456 - 0.0271963801464579i 0.982618989513442 - 0.0126179018692658i 0.420600000000000 + 0.562500000000000i
0.885360318 0.114513388 0.160345084 6 1.00210743460673 - 0.0274540975380979i 0.981818901358224 - 0.0126196250233758i 0.420600000000000 + 0.591100000000000i
0.879790783 0.120076597 0.16566477 7 1.00208703079475 - 0.0277132215996950i 0.980918799555134 - 0.0126217542091173i 0.420700000000000 + 0.619800000000000i
0.874221113 0.125640102 0.171031495 8 1.00206655191915 - 0.0279723455349783i 0.980018719915468 - 0.0126221478064171i 0.420700000000000 + 0.648500000000000i
0.86865091 0.13120395 0.176438109 9 1.00204574388830 - 0.0282342758695906i 0.979118618380790 - 0.0126242282968930i 0.420800000000000 + 0.677200000000000i
0.863099785 0.136748723 0.181848313 10 1.00202485905358 - 0.0284962058838150i 0.978218516979250 - 0.0126262836542554i 0.420900000000000 + 0.705800000000000i
0.857529146 0.142313175 0.187311726 11 1.00200388755456 - 0.0287581422944669i 0.977318415711372 - 0.0126283138785083i 0.420900000000000 + 0.734500000000000i
0.851957939 0.147877981 0.192818509 12 1.00198258247867 - 0.0290228846406879i 0.976418314577684 - 0.0126303189696559i 0.421000000000000 + 0.763200000000000i
0.846406028 0.153423713 0.198322865 13 1.00196120873175 - 0.0292876197344578i 0.975518213578712 - 0.0126322989277023i 0.421000000000000 + 0.791800000000000i
0.840834152 0.15898916 0.203882608 14 1.00193961230528 - 0.0295537674429827i 0.974618112714982 - 0.0126342537526516i 0.421100000000000 + 0.820500000000000i
0.835261918 0.164554945 0.209470607 15 1.00191780172979 - 0.0298213208959244i 0.973718011987021 - 0.0126361834445081i 0.421200000000000 + 0.849200000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)0.978138617 0.017581507 0.022549306 0 1.00879568269592 - 0.0336116790830211i 0.984011330143053 - 0.0192702400114594i 0.220000000000000 + 0.165000000000000i
0.977414041 0.019327284 0.024534245 1 1.00910890566134 - 0.0339105271295681i 0.983211180930534 - 0.0192700205808273i 0.220000000000000 + 0.181500000000000i
0.976650192 0.021070816 0.026502506 2 1.00942211217507 - 0.0342134006863495i 0.982411031967900 - 0.0192697760175249i 0.220000000000000 + 0.198000000000000i
0.975811441 0.022823224 0.028559031 3 1.00948968114401 - 0.0345008333698030i 0.981610849622617 - 0.0192712195557193i 0.220000000000000 + 0.214500000000000i
0.975027355 0.024551138 0.030386079 4 1.01004923955691 - 0.0348158330430699i 0.980810701162047 - 0.0192709233305773i 0.220000000000000 + 0.231000000000000i
0.973716499 0.026287872 0.032271209 5 1.01036396848446 - 0.0351230014487511i 0.979910538648965 - 0.0192703462526110i 0.220000000000000 + 0.247500000000000i
0.971982255 0.028022415 0.034184462 6 1.01067788447057 - 0.0354266050544957i 0.979110390723903 - 0.0192699967951700i 0.220000000000000 + 0.264000000000000i
.97 250398 .029754573 .036088663 7 . 1099422487771 - . 35734 6 558602i . 783 020 4 8 75 - . 92713296785545i .2 0   .280 i
96852 801 031484471 03798 371 8 1131065682136 360437529292243 775 0028 65018 9272 346362171i 2 0   .2 70 i
0.966793306 0.033212269 0.039873004 9 1.01162493394128 - 0.0363505337631858i 0.976709847564264 - 0.0192739116681668i 0.220000000000000 + 0.313500000000000i
0.96506822 0.034937658 0.041755903 10 1.01194163589851 - 0.0366614949765823i 0.975909667016943 - 0.0192751607744130i 0.220000000000000 + 0.330000000000000i
0.963345394 0.036660789 0.043591808 11 1.01225855710941 - 0.0369715738826413i 0.975009472615931 - 0.0192761072108723i 0.220000000000000 + 0.346500000000000i
0.961624822 0.038381666 0.045465227 12 1.01257543600577 - 0.0372857048730226i 0.974209292610102 - 0.0192772973241734i 0.220000000000000 + 0.363000000000000i
0.959906625 0.040100169 0.047333408 13 1.01289392555560 - 0.0376009833478527i 0.973409112859979 - 0.0192784595117998i 0.220000000000000 + 0.379500000000000i
0.958190579 0.041816523 0.0491937 14 1.01321125456966 - 0.0379142160612482i 0.972608899715573 - 0.0192812912965535i 0.220000000000000 + 0.396000000000000i
0.956476999 0.043530412 0.051013769 15 1.01353108462329 - 0.0382300833293476i 0.971708706503941 - 0.0192821084023203i 0.220000000000000 + 0.412500000000000i
0.954765464 0.045242256 0.05287175 16 1.01384843491586 - 0.0385489807547624i 0.970908527556204 - 0.0192831822748412i 0.220000000000000 + 0.429000000000000i
0.9530564 046 5161 054720534 7 1416858678464 3886551 1888256 010 3 5208419 92859213801757i 2 00   .445 i
0.9 134 64 .0486 8702 .056533486 8 . 1448867345101 - . 3 186137 717658i . 6920 122 0 07 - . 928 6402226 43i .2 00   .4620 i
0.949645054 0.0503636 0.058378097 19 1.01480812429500 - 0.0395077646695142i 0.968407877436610 - 0.0192910061614235i 0.220000000000000 + 0.478500000000000i
0.947942811 0.052066156 0.060222243 20 1.01512843154105 - 0.0398315286040061i 0.967607665884071 - 0.0192936497941714i 0.220000000000000 + 0.495000000000000i
Load 2 
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FIGURE 34: STABILITY INDICES FOR TEST POWER NETWORK 1 WITH VARYING ACTIVE POWER (LOAD 1) 
 
 
FIGURE 35: STABILITY INDICES FOR TEST POWER NETWORK 1 WITH VARYING ACTIVE POWER (LOAD 2) 
 
 
 
 
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.918731523 0.081179254 0.128917696 0 1.00222662987506 - 0.0259224260499445i 0.987119435050141 - 0.0126119366589696i 0.420400000000000 + 0.419100000000000i
0.91316401 0.086740642 0.133350232 1 1.00220717435430 - 0.0261759298474021i 0.986119362658306 - 0.0126112089181177i 0.420400000000000 + 0.447800000000000i
0.907615471 0.092282943 0.139008076 2 1.00218765698660 - 0.0264294272226561i 0.985319274047339 - 0.0126130167218102i 0.420500000000000 + 0.476400000000000i
0.902047356 0.097844919 0.144147666 3 1.00216793867024 - 0.0266843317022661i 0.984419171731105 - 0.0126152419019802i 0.420500000000000 + 0.505100000000000i
0.896478932 0.103407203 0.149358615 4 1.00214801810918 - 0.0269406431595464i 0.983519091565093 - 0.0126157253843917i 0.420500000000000 + 0.533800000000000i
0.890909969 0.108969868 0.154599106 5 1.00212763313456 - 0.0271963801464579i 0.982618989513442 - 0.0126179018692658i 0.420600000000000 + 0.562500000000000i
0.885360318 0.114513388 0.160345084 6 1.00210743460673 - 0.0274540975380979i 0.981818901358224 - 0.0126196250233758i 0.420600000000000 + 0.591100000000000i
0.879790783 0.120076597 0.16566477 7 1.00208703079475 - 0.0277132215996950i 0.980918799555134 - 0.0126217542091173i 0.420700000000000 + 0.619800000000000i
0.874221113 0.125640102 0.171031495 8 1.00206655191915 - 0.0279723455349783i 0.980018719915468 - 0.0126221478064171i 0.420700000000000 + 0.648500000000000i
0.86865091 0.13120395 0.176438109 9 1.00204574388830 - 0.0282342758695906i 0.979118618380790 - 0.0126242282968930i 0.420800000000000 + 0.677200000000000i
0.863099785 0.136748723 0.181848313 10 1.00202485905358 - 0.0284962058838150i 0.978218516979250 - 0.0126262836542554i 0.420900000000000 + 0.705800000000000i
0.857529146 0.142313175 0.187311726 11 1.00200388755456 - 0.0287581422944669i 0.977318415711372 - 0.0126283138785083i 0.420900000000000 + 0.734500000000000i
0.851957939 0.147877981 0.192818509 12 1.00198258247867 - 0.0290228846406879i 0.976418314577684 - 0.0126303189696559i 0.421000000000000 + 0.763200000000000i
0.846406028 0.153423713 0.198322865 13 1.00196120873175 - 0.0292876197344578i 0.975518213578712 - 0.0126322989277023i 0.421000000000000 + 0.791800000000000i
0.840834152 0.15898916 0.203882608 14 1.00193961230528 - 0.0295537674429827i 0.974618112714982 - 0.0126342537526516i 0.421100000000000 + 0.820500000000000i
0.835261918 0.164554945 0.209470607 15 1.00191780172979 - 0.0298213208959244i 0.973718011987021 - 0.0126361834445081i 0.421200000000000 + 0.849200000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)
0.918731523 0.081179254 0.128917696 0 1.00222662987506 - 0.0259224260499445i 0.987119435050141 - 0.0126119366589696i 0.420400000000000 + 0.419100000000000i
0.918703324 0.08118391 0.128191997 1 1.00218507866828 - 0.0264125389885415i 0.987111592804796 - 0.0132114855477821i 0.440400000000000 + 0.419100000000000i
0.918693884 0.081169203 0.127439325 2 1.00214322525046 - 0.0269026223035637i 0.987103386410165 - 0.0138110295628264i 0.460400000000000 + 0.419000000000000i
0.9186644 0.081173877 0.126707226 3 1.00210107941592 - 0.0273926691316937i 0.987094790716585 - 0.0144122912883632i 0.480400000000000 + 0.419000000000000i
0.918634264 0.081178562 0.125992175 4 1.00205862161900 - 0.0278826926449763i 0.987085854986216 - 0.0150118248767560i 0.500400000000000 + 0.419000000000000i
0.918622905 0.081163881 0.124640809 5 1.00201587142881 - 0.0283726792937368i 0.986976540374909 - 0.0156114941493619i 0.520400000000000 + 0.418900000000000i
0.918591472 0.081168587 0.12394103 6 1.00197280931621 - 0.0288626422738288i 0.986966876301063 - 0.0162109556943122i 0.540400000000000 + 0.418900000000000i
.917213024 .08117 236 . 232 63 7 7 1.0019298451 340 - 0.0293531363922526i 0.986956 48 1317 - 0.0168104112589783i 0.56040 000000 + 0.418900000000000i
915455616 081158 83 0.122 11702 8 1.0018861791445  - 0.0298430378706123i 0.986946425481930 - 0.0174115831687 6i 0.58040 000000 + 0.418800000000000i
.913674688 .08116333 . 2 8 3575 9 1.00184208 0261  - 0.0303343079926001i 0.986935668085394 - 0.01801102609 12 i 0.60040 000000 + 0.418800000000000i
0.9118897 0.081168079 0.121135727 10 1.00179781396183 - 0.0308241473915286i 0.986924514121585 - 0.0186121848764290i 0.620400000000000 + 0.418800000000000i
0.910100904 0.081153452 0.12042538 11 1.00175325057820 - 0.0313139487919588i 0.986913027514177 - 0.0192116142684743i 0.640400000000000 + 0.418700000000000i
0.908300488 0.081158233 0.119745855 12 1.00170823705892 - 0.0318051314751701i 0.986901142252451 - 0.0198127590407433i 0.660400000000000 + 0.418700000000000i
0.906499061 0.081143639 0.119053898 13 1.00166292952533 - 0.0322962756126999i 0.986888926451172 - 0.0204121740158621i 0.680400000000000 + 0.418600000000000i
0.904695994 0.081148424 0.118371473 14 1.00161745830477 - 0.0327859819066290i 0.986876309909118 - 0.0210133038849747i 0.700400000000000 + 0.418600000000000i
0.903122978 0.081152931 0.117005167 15 1.00157435228642 - 0.0332489535210118i 0.986763388904799 - 0.0216105140410170i 0.720400000000000 + 0.418600000000000i
0.901263063 0.081138669 0.11652409 16 1.00152531658044 - 0.0337681163683443i 0.986750042453312 - 0.0222115672204073i 0.740400000000000 + 0.418500000000000i
. 994 3595 .08114343 .115885058 17 1.001479179 472 - 0.0342597043624186i 0.986736369704883 - 0.0228108899788899i 0.76040 000000 + 0.418500000000000i
0.897679198 0.081128885 0.115208668 18 1.00143235430600 - 0.0347506865093567i 0.986722292085572 - 0.0234119264776625i 0.780400000000000 + 0.418400000000000i
0.895890761 0.081133736 0.114575586 19 1.00138522577956 - 0.0352416357337300i 0.986707890274607 - 0.0240112321598696i 0.800400000000000 + 0.418400000000000i
0.90093062 0.051060699 0.071705516 20 1.00133764838929 - 0.0357339571691833i 0.986693081508304 - 0.0246122510885757i 0.820400000000000 + 0.263300000000000i
Real Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so Q doesn’t look constant)
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.918731523 0.081179254 0.128917696 0 1.00222662987506 - 0.0259224260499445i 0.987119435050141 - 0.0126119366589696i 0.420400000000000 + 0.419100000000000i
0.91316401 0.086740642 0.133350232 1 1.00220717435430 - 0.0261759298474021i 0.986119362658306 - 0.0126112089181177i 0.420400000000000 + 0.447800000000000i
0.907615471 0.092282943 0.139008076 2 1.00218765698660 - 0.0264294272226561i 0.985319274047339 - 0.0126130167218102i 0.420500000000000 + 0.476400000000000i
0.902047356 0.097844919 0.144147666 3 1.00216793867024 - 0.0266843317022661i 0.984419171731105 - 0.0126152419019802i 0.420500000000000 + 0.505100000000000i
0.896478932 0.103407203 0.149358615 4 1.00214801810918 - 0.0269406431595464i 0.983519091565093 - 0.0126157253843917i 0.420500000000000 + 0.533800000000000i
0.890909969 0.108969868 0.154599106 5 1.00212763313456 - 0.0271963801464579i 0.982618989513442 - 0.0126179018692658i 0.420600000000000 + 0.562500000000000i
0.885360318 0.114513388 0.160345084 6 1.00210743460673 - 0.0274540975380979i 0.981818901358224 - 0.0126196250233758i 0.420600000000000 + 0.591100000000000i
0.879790783 0.120076597 0.16566477 7 1.00208703079475 - 0.0277132215996950i 0.980918799555134 - 0.0126217542091173i 0.420700000000000 + 0.619800000000000i
0.874221113 0.125640102 0.171031495 8 1.00206655191915 - 0.0279723455349783i 0.980018719915468 - 0.0126221478064171i 0.420700000000000 + 0.648500000000000i
0.86865091 0.13120395 0.176438109 9 1.00204574388830 - 0.0282342758695906i 0.979118618380790 - 0.0126242282968930i 0.420800000000000 + 0.677200000000000i
0.863099785 0.136748723 0.181848313 10 1.00202485905358 - 0.0284962058838150i 0.978218516979250 - 0.0126262836542554i 0.420900000000000 + 0.705800000000000i
0.857529146 0.142313175 0.187311726 11 1.00200388755456 - 0.0287581422944669i 0.977318415711372 - 0.0126283138785083i 0.420900000000000 + 0.734500000000000i
0.851957939 0.147877981 0.192818509 12 1.00198258247867 - 0.0290228846406879i 0.976418314577684 - 0.0126303189696559i 0.421000000000000 + 0.763200000000000i
0.846406028 0.153423713 0.198322865 13 1.00196120873175 - 0.0292876197344578i 0.975518213578712 - 0.0126322989277023i 0.421000000000000 + 0.791800000000000i
0.840834152 0.15898916 0.203882608 14 1.00193961230528 - 0.0295537674429827i 0.974618112714982 - 0.0126342537526516i 0.421100000000000 + 0.820500000000000i
0.835261918 0.164554945 0.209470607 15 1.00191780172979 - 0.0298213208959244i 0.973718011987021 - 0.0126361834445081i 0.421200000000000 + 0.849200000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)0.978138617 0.017581507 0.022549306 0 1.00879568269592 - 0.0336116790830211i 0.984011330143053 - 0.0192702400114594i 0.220000000000000 + 0.165000000000000i
. 766 0204 . 17582326 .0 2870813 1 . 871203271881  . 3 370277775459 i . 3984 72319699  . 205960732 97941i .2420   .1650 i
. 7508087 . 175829 9 .02 20 091 2 . 8630882 0053 - . 37 301457 03255i . 395578983 882 - . 219235864434 50i .2640  + .1650 i
0.973507652 0.017583533 0.023490315 3 1.00854782612418 - 0.0388887682581719i 0.983825344293552 - 0.0232486972898208i 0.286000000000000 + 0.165000000000000i
0.971896095 0.017584045 0.02383696 4 1.00846371327054 - 0.0406489070935406i 0.983793083198752 - 0.0245759933734766i 0.308000000000000 + 0.165000000000000i
0.970262238 0.017584483 0.024193066 5 1.00837865498379 - 0.0424089666529372i 0.983759031426266 - 0.0259032447244709i 0.330000000000000 + 0.165000000000000i
0.968610829 0.01758476 0.024557033 6 1.00829513323451 - 0.0441690470188358i 0.983723189038073 - 0.0272304489269711i 0.352000000000000 + 0.165000000000000i
0.966952208 0.017584929 0.024873137 7 1.00821152200243 - 0.0459321113375941i 0.983585598213416 - 0.0285547016646549i 0.374000000000000 + 0.165000000000000i
0.965274389 0.017585058 0.025253729 8 1.00812600747377 - 0.0476936405873001i 0.983546178798826 - 0.0298816694685653i 0.396000000000000 + 0.165000000000000i
0.963588006 0.017585114 0.025643195 9 1.00803951860283 - 0.0494550919460089i 0.983504969155959 - 0.0312085828825439i 0.418000000000000 + 0.165000000000000i
0.961899782 0.017585096 0.02597348 10 1.00795200200276 - 0.0512180032524081i 0.983361967256953 - 0.0325338493347267i 0.440000000000000 + 0.165000000000000i
0.96020164 0.017584883 0.026379304 11 1.00786683208738 - 0.0529842141408245i 0.983317179622171 - 0.0338605118079924i 0.462000000000000 + 0.165000000000000i
0.958500677 0.017584631 0.026790728 12 1.00777975704143 - 0.0547486571273422i 0.983270540761336 - 0.0351888287800194i 0.484000000000000 + 0.165000000000000i
0.956799401 0.017584306 0.027133707 13 1.00769169624369 - 0.0565130063237836i 0.983122176438853 - 0.0365133700736164i 0.506000000000000 + 0.165000000000000i
0.955095544 0.017583784 0.027558465 14 1.00760603247595 - 0.0582807663618186i 0.983071954051021 - 0.0378414211982925i 0.528000000000000 + 0.165000000000000i
0.953391968 0.01758331 0.027991936 15 1.00751597306903 - 0.0600464945840397i 0.983019937665428 - 0.0391694032665535i 0.550000000000000 + 0.165000000000000i
0.951687615 0.017582676 0.028345008 16 1.00742741406475 - 0.0618122063355368i 0.982866212137378 - 0.0404931974376323i 0.572000000000000 + 0.165000000000000i
0.949986781 0.017581844 0.028788233 17 1.00734121398922 - 0.0635814907575912i 0.982810613696279 - 0.0418208991527461i 0.594000000000000 + 0.165000000000000i
0.948283455 0.017581064 0.029147848 18 1.00725045278717 - 0.0653501627714967i 0.982653242678759 - 0.0431458532528924i 0.616000000000000 + 0.165000000000000i
0.946587076 0.017580123 0.029601806 19 1.00716121945041 - 0.0671187834562986i 0.982594061000543 - 0.0444732648504785i 0.638000000000000 + 0.165000000000000i
0.944886923 0.017579069 0.029964091 20 1.00707200355824 - 0.0688894515433315i 0.982433114736473 - 0.0457976535336930i 0.660000000000000 + 0.165000000000000i
Load 2 (Parallel line was also consuming power so Q doesn’t look constant)
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9.2.2 TEST POWER SYSTEM NETWORK 2 
 
FIGURE 36: STABILITY INDICES FOR TEST POWER NETWORK 2 WITH VARYING REACTIVE POWER (LOAD 5 OR 1) 
 
 
FIGURE 37: STABILITY INDICES FOR TEST POWER NETWORK 2 WITH VARYING REACTIVE POWER (LOAD 6 OR 2) 
 
 
FIGURE 38: STABILITY INDICES FOR TEST POWER NETWORK 2 WITH VARYING REACTIVE POWER (LOAD 8 OR 3) 
 
 
FIGURE 39: STABILITY INDICES FOR TEST POWER NETWORK 2 WITH VARYING ACTIVE POWER (LOAD 5 OR 1) 
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.999993524 21.81758201 22.17661525 0 0.00727169556553734 - 0.000396222171994988i 0.966628291989910 - 0.178107145069113i 1.76300000000000 + 0.500000000000000i
0.999993501 26.17981857 26.60757283 1 0.00727155581087106 - 0.000402016371330576i 0.959977403300091 - 0.177228172572011i 1.76080000000000 + 0.600000000000000i
0.999993465 30.54171364 31.0369323 2 0.00727138878808590 - 0.000408033427495845i 0.953130583140386 - 0.176308200270060i 1.75860000000000 + 0.700000000000000i
0.99999344 34.90318862 35.46591389 3 0.00727119828179753 - 0.000414408135830877i 0.946155576128315 - 0.175530384154131i 1.75640000000000 + 0.800000000000000i
0.999993379 39.26405289 39.89191323 4 0.00727102867732508 - 0.000420652694373292i 0.939113815406786 - 0.174563116700260i 1.75420000000000 + 0.900000000000000i
0.999993329 43.62488038 44.31782957 5 0.00727078622378527 - 0.000427455092758160i 0.931944228215619 - 0.173735302962855i 1.75200000000000 + 1.00000000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.999993524 21.81758201 22.17661525 0 0.00727169556553734 - 0.000396222171994988i 0.966628291989910 - 0.178107145069113i 1.76300000000000 + 0.500000000000000i
0.999993501 26.17981857 26.60757283 1 0.00727155581087106 - 0.000402016371330576i 0.959977403300091 - 0.177228172572011i 1.76080000000000 + 0.600000000000000i
0.999993465 30.54171364 31.0369323 2 0.00727138878808590 - 0.000408033427495845i 0.953130583140386 - 0.176308200270060i 1.75860000000000 + 0.700000000000000i
0.99999344 34.90318862 35.46591389 3 0.00727119828179753 - 0.000414408135830877i 0.946155576128315 - 0.175530384154131i 1.75640000000000 + 0.800000000000000i
0.999993379 39.26405289 39.89191323 4 0.00727102867732508 - 0.000420652694373292i 0.939113815406786 - 0.174563116700260i 1.75420000000000 + 0.900000000000000i
0.999993329 43.62488038 44.31782957 5 0.00727078622378527 - 0.000427455092758160i 0.931944228215619 - 0.173735302962855i 1.75200000000000 + 1.00000000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)0.480313598 0.174704661 0.174311351 0 0.745676833627556 - 0.119777061199714i 0.979623655466481 - 0.160595092236625i 1.41690000000000 + 0.300000000000000i
46 474915 0.2096 77 2 0.2092486 8 1 .745608879141752 - 0.12 62245 32983i 0.975498510082540 - 0.159796454362242i 1.41580000000000 + 0.36 0i
457846936 0.244617373 0.244233056 2 .745528891647468 - 0.12 39613 7 9836i 0.971375959143618 - 0.158981873173695i 1.41470000000000 + 0.42 0i
.44534927 0.2795 7705 0.279233498 3 .745462 33193993 - 0.12 680913997784i 0.967151750167786 - 0.158169188362931i 1.41360000000000 + 0.48 0i
0.431848827 0.314546736 0.314285538 4 .74538 701639941 - 0.121 1 61185 126i 0.962924610624135 - 0.157374344333368i 1.41250000000000 + 0.54 0i
.417219013 0.349521392 0.34 389239 5 .745 98473842967 - 0.121358084144254i 0.958700047958569 - 0.156563654927436i 1.41140000000000 + 0.60 0i
Load 2 (Parallel line was also consuming power so P doesn’t look constant)
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.999993524 21.81758201 22.17661525 0 0.00727169556553734 - 0.000396222171994988i 0.966628291989910 - 0.178107145069113i 1.76300000000000 + 0.500000000000000i
0.999993501 26.17981857 26.60757283 1 0.00727155581087106 - 0.000402016371330576i 0.959977403300091 - 0.177228172572011i 1.76080000000000 + 0.600000000000000i
0.999993465 30.54171364 31.0369323 2 0.00727138878808590 - 0.000408033427495845i 0.953130583140386 - 0.176308200270060i 1.75860000000000 + 0.700000000000000i
0.99999344 34.90318862 35.46591389 3 0.00727119828179753 - 0.000414408135830877i 0.946155576128315 - 0.175530384154131i 1.75640000000000 + 0.800000000000000i
0.999993379 39.26405289 39.89191323 4 0.00727102867732508 - 0.000420652694373292i 0.939113815406786 - 0.174563116700260i 1.75420000000000 + 0.900000000000000i
0.999993329 43.62488038 44.31782957 5 0.00727078622378527 - 0.000427455092758160i 0.931944228215619 - 0.173735302962855i 1.75200000000000 + 1.00000000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)0.784014615 0.129765397 0.1290947 0 0.810908536167332 - 0.253030838794922i 0.950491008043992 - 0.304254570429955i 1.00000000000000 + 0.350000000000000i
.780727163 0.155 1 568 0.154918951 1 .81088591408 459 - 0.2531 2484 66268i . 473057694275 6 - .303052700382859i .000   .42 i
.777282228 0.181670418 0.18 42817 2 .810868176676998 - 0.253169 68206122i . 44024890115575 - .3018 1498310305i .00 0  + .49 i
0.773663151 0.207623337 0.206548809 3 0.810845492809711 - 0.253241696669622i 0.940595882341974 - 0.300725183716503i 1.00000000000000 + 0.560000000000000i
0.755289405 0.23357463 0.232362338 4 0.810847291176705 - 0.253245850172138i 0.937314410926807 - 0.299495734642303i 1.00000000000000 + 0.630000000000000i
0.728099861 0.25952691 0.258173426 5 0.810805648372310 - 0.253381649217343i 0.933885211862441 - 0.298400018539953i 1.00000000000000 + 0.700000000000000i
Load 3
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.999993524 21.81758201 22.17661525 0 0.00727169556553734 - 0.000396222171994988i 0.966628291989910 - 0.178107145069113i 1.76300000000000 + 0.500000000000000i
0.999993501 26.17981857 26.60757283 1 0.00727155581087106 - 0.000402016371330576i 0.959977403300091 - 0.177228172572011i 1.76080000000000 + 0.600000000000000i
0.999993465 30.54171364 31.0369323 2 0.00727138878808590 - 0.000408033427495845i 0.953130583140386 - 0.176308200270060i 1.75860000000000 + 0.700000000000000i
0.99999344 34.90318862 35.46591389 3 0.00727119828179753 - 0.000414408135830877i 0.946155576128315 - 0.175530384154131i 1.75640000000000 + 0.800000000000000i
0.999993379 39.26405289 39.89191323 4 0.00727102867732508 - 0.000420652694373292i 0.939113815406786 - 0.174563116700260i 1.75420000000000 + 0.900000000000000i
0.999993329 43.62488038 44.31782957 5 0.00727078622378527 - 0.000427455092758160i 0.931944228215619 - 0.173735302962855i 1.75200000000000 + 1.00000000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)
0.999993524 21.81758201 22.17661525 0 0.00727169556553734 - 0.000396222171994988i 0.966628291989910 - 0.178107145069113i 1.76300000000000 + 0.500000000000000i
0.999995526 21.82657983 22.28041248 1 0.00726734852618555 - 0.000445343428959878i 0.957967580877424 - 0.198908707672278i 1.98030000000000 + 0.500000000000000i
0.999997186 21.80958394 22.35633062 2 0.00726581954729694 - 0.000511726184620931i 0.948357792215148 - 0.219817533297072i 2.19730000000000 + 0.500000000000000i
0.999998709 21.79616204 22.45321606 3 0.00726360769052120 - 0.000571551319866738i 0.937769341095024 - 0.240429351166210i 2.41380000000000 + 0.500000000000000i
0.999999736 21.81183777 22.59562704 4 0.00725596857448784 - 0.000632008965660220i 0.926170674039345 - 0.261207144905161i 2.62990000000000 + 0.500000000000000i
0.999999965 21.81723967 22.74207562 5 0.00724937093894490 - 0.000694263333127095i 0.913396912394977 - 0.281870343291596i 2.84550000000000 + 0.500000000000000i
Real Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so Q doesn’t look constant)
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FIGURE 40: STABILITY INDICES FOR TEST POWER NETWORK 2 WITH VARYING ACTIVE POWER (LOAD 6 OR 2) 
 
 
FIGURE 41: STABILITY INDICES FOR TEST POWER NETWORK 2 WITH VARYING ACTIVE POWER (LOAD 8 OR 3) 
 
 
 
 
 
 
 
 
 
 
 
 
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.999993524 21.81758201 22.17661525 0 0.00727169556553734 - 0.000396222171994988i 0.966628291989910 - 0.178107145069113i 1.76300000000000 + 0.500000000000000i
0.999993501 26.17981857 26.60757283 1 0.00727155581087106 - 0.000402016371330576i 0.959977403300091 - 0.177228172572011i 1.76080000000000 + 0.600000000000000i
0.999993465 30.54171364 31.0369323 2 0.00727138878808590 - 0.000408033427495845i 0.953130583140386 - 0.176308200270060i 1.75860000000000 + 0.700000000000000i
0.99999344 34.90318862 35.46591389 3 0.00727119828179753 - 0.000414408135830877i 0.946155576128315 - 0.175530384154131i 1.75640000000000 + 0.800000000000000i
0.999993379 39.26405289 39.89191323 4 0.00727102867732508 - 0.000420652694373292i 0.939113815406786 - 0.174563116700260i 1.75420000000000 + 0.900000000000000i
0.999993329 43.62488038 44.31782957 5 0.00727078622378527 - 0.000427455092758160i 0.931944228215619 - 0.173735302962855i 1.75200000000000 + 1.00000000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)0.480313598 0.174704661 0.174311351 0 0.745676833627556 - 0.119777061199714i 0.979623655466481 - 0.160595092236625i 1.41690000000000 + 0.300000000000000i
0.423231113 0.174869059 0.173231842 1 0.744617293190830 - 0.124053797438841i 0.973123970428727 - 0.176495717163421i 1.57090000000000 + 0.300000000000000i
0.365983109 0.175054636 0.172345954 2 0.743470023431734 - 0.128423070243689i 0.966006364463360 - 0.192501178739983i 1.72480000000000 + 0.300000000000000i
0.308632034 0.175258756 0.171690549 3 0.742246717921064 - 0.132841971083595i 0.958297853177391 - 0.208417164829588i 1.87840000000000 + 0.300000000000000i
0.225036992 0.230759333 0.225243487 4 0.740948129063002 - 0.137289778402952i 0.950056396788943 - 0.224408740739774i 2.03170000000000 + 0.394500000000000i
0.185064249 0.192950853 0.187962478 5 0.739554549371612 - 0.141822251935125i 0.941218071083645 - 0.240263402676277i 2.18470000000000 + 0.329400000000000i
Load 2 (Parallel line was also consuming power so Q doesn’t look constant)
VSI1(Max Power) VSI2(Fast) LSI Cases Vs_Thev Vload S (Load Bus)
0.999993524 21.81758201 22.17661525 0 0.00727169556553734 - 0.000396222171994988i 0.966628291989910 - 0.178107145069113i 1.76300000000000 + 0.500000000000000i
0.999993501 26.17981857 26.60757283 1 0.00727155581087106 - 0.000402016371330576i 0.959977403300091 - 0.177228172572011i 1.76080000000000 + 0.600000000000000i
0.999993465 30.54171364 31.0369323 2 0.00727138878808590 - 0.000408033427495845i 0.953130583140386 - 0.176308200270060i 1.75860000000000 + 0.700000000000000i
0.99999344 34.90318862 35.46591389 3 0.00727119828179753 - 0.000414408135830877i 0.946155576128315 - 0.175530384154131i 1.75640000000000 + 0.800000000000000i
0.999993379 39.26405289 39.89191323 4 0.00727102867732508 - 0.000420652694373292i 0.939113815406786 - 0.174563116700260i 1.75420000000000 + 0.900000000000000i
0.999993329 43.62488038 44.31782957 5 0.00727078622378527 - 0.000427455092758160i 0.931944228215619 - 0.173735302962855i 1.75200000000000 + 1.00000000000000i
Reactive Load increase by 10% of Initial Load
Load 1 (Parallel line was also consuming power so P doesn’t look constant)0.784014615 0.129765397 0.1290947 0 0.810908536167332 - 0.253030838794922i 0.950491008043992 - 0.304254570429955i 1.00000000000000 + 0.350000000000000i
.741024257 0.129669056 0. 28589 2 1 .8 31884890562 0 - 0.277527731938575i . 35755357012166 - .341 42069852 86i .200   .35 i
0.698120447 0.129565655 0.128641297 2 0.794588864691149 - 0.302222154948161i 0.919209926153378 - 0.377745352931180i 1.40000000000000 + 0.350000000000000i
0.655307034 0.129456489 0.12931892 3 0.785045048532279 - 0.327144310174278i 0.900785858017745 - 0.414315203673768i 1.60000000000000 + 0.350000000000000i
0.613102499 0.129182296 0.130674287 4 0.775166166537689 - 0.352096307782051i 0.880341817349451 - 0.450687568750088i 1.80000000000000 + 0.350000000000000i
0.570137354 0.12917573 0.132870082 5 0.763081299823492 - 0.377621728363614i 0.857837815565516 - 0.486725766921973i 2.00000000000000 + 0.350000000000000i
Load 3
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9.3 MATLAB ALGORITHMS 
9.3.1 MAIN FILE 
%%  Main File  
% 14/02/2014 
% This file acts as the control centre. 
% 
% It reads power system data from a 
% selected text file; then, partisions the acquired data into Admittance 
% Matrix (YMat_cel), Vector containing Source Voltages (Vs_cel), Vector 
% containing Load Voltages (Vl_cel) and Vector containing Load Power 
% (Sl_cel). These data are required for the stability assessment of the 
% power system using stability algorthms VSI, LSI and FVSI. 
  
%% ============================ Start Up Sequences ========================= 
clear 
addpath(genpath('C:/Users/Tobiloba/Google Drive/UNI/ENG460-Thesis')); 
  
%% ===================== Acquiring Power System Data ======================= 
  
%--------------- Selecting Data File From Chosen Directory --------------- 
data_path =  ('C:\Users\Tobiloba\Google Drive\UNI\ENG460-Thesis\Corrections'); 
file_type = ('.txt'); 
total_path_filetype = sprintf('%s\\*%s',data_path,file_type);  
file_dir = uigetfile(total_path_filetype); 
Power_System_Data = Data_Acquisition_Func(file_dir); 
  
%------------------- Storing System Data Appropriately ------------------- 
YMat_cel = Power_System_Data{1,1}; 
Vs_cel = Power_System_Data{2,1}; 
Vl_cel = Power_System_Data{3,1}; 
Sl_cel = Power_System_Data{4,1}; 
  
%% ============= Calculating Thevenin Equivalence For Sources ============= 
  
[Vs_Thevenin, Z_Thevenin, Vl_Mat, Sl_Mat, Il_Mat] = ... 
    Thev_Equiv_Alg_Func(YMat_cel,Vs_cel,Vl_cel,Sl_cel); 
  
[no_load,no_case] = size(Vl_Mat); 
  
%% ======================= Stability Algorithms============================ 
VSI_1 = VSI_MaxP_Func(Vs_Thevenin,Z_Thevenin,Vl_Mat,Sl_Mat,Il_Mat); 
VSI_2 = VSI_Fast_Func(Vs_Thevenin,Z_Thevenin,Sl_Mat); 
LSI = LSI_Func(Vs_Thevenin,Z_Thevenin,Vl_Mat,Sl_Mat,Il_Mat); 
  
%% Voltage Regulation + Stability Algorithm - ONLY FOR Main SYS (VR+SI) 
Current_Tap = 3; % Default Tap 
Volt_Per_Tap = 1; % Percentage voltage per tap 
Case = 2; 
Transf_TapRange = [1,9]; % Lowest Tap, Highest Tap 
Vl_Range = [0.96,1.04]; 
Storage = zeros(1,3); % Initialize 
n = 1; 
  
for tap = Transf_TapRange(1):1:Transf_TapRange(2) 
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    Vl_new = Vl_Mat(Case) * ( 1 + (((tap-Current_Tap)*Volt_Per_Tap)/100) ); 
    Il_new = Il_Mat(Case) * ( 1 - ((tap-Current_Tap)/100) ); 
    SI_1 = VSI_MaxP_Func(Vs_Thevenin(Case),Z_Thevenin,Vl_new,...  
        Sl_Mat(Case),Il_new); 
     
    if (abs(Vl_new) >= Vl_Range(1)) && (abs(Vl_new) <= Vl_Range(2)) 
        Storage(n,:) = [tap,SI_1,Vl_new]; 
        n = n+1; 
    end      
end 
  
[Max_SI, Ind] = max( Storage(:,2) ); 
Initial_SI = VSI_1(Case); 
Initial_Vl = Vl_Mat(Case); 
Optim_Vl = Storage(Ind,3); 
Optim_Tap = Storage(Ind,1); 
  
display(Initial_SI); 
display(Initial_Vl); 
display(Max_SI);  
display(Optim_Vl); 
display(Optim_Tap) 
  
%% ============================= Plots ============================== 
 while 1 
    Chs_Load = input(['\nInteger corresponding to Load according to data' ... 
        '\n(For Example: ''1'' = first load): ']); 
    if (Chs_Load >= 1) && (Chs_Load <= no_load) && (isempty(Chs_Load)==0) 
        break; 
    end 
end 
  
if Chs_Load == 1 
    Plot_Title = sprintf('Stability Plots: %dst Load',Chs_Load); 
elseif Chs_Load == 2 
    Plot_Title = sprintf('Stability Plots: %dnd Load',Chs_Load); 
elseif Chs_Load == 3 
    Plot_Title = sprintf('Stability Plots: %drd Load',Chs_Load); 
else 
    Plot_Title = sprintf('Stability Plots: %dth Load',Chs_Load); 
end 
  
%------------------------ Actual Plot Codes --------------------------  
if ( isempty(regexpi(file_dir,'Real')) == 0 ) 
    Varying_Power = real( Sl_Mat(Chs_Load,:) ); 
     
   figure('Name','Stability Indices Vs Real Power','NumberTitle',... 
        'off','Units','normalized','Position',[0.01,0.08,0.55,0.75]); 
    plot1 = subplot(3,1,1); 
    plot2 = subplot(3,1,2); 
    plot3 = subplot(3,1,3); 
     
    plot(plot1,Varying_Power,VSI_1(:,Chs_Load),'r'); 
    plot(plot2,Varying_Power,VSI_2(:,Chs_Load),'g'); 
    plot(plot3,Varying_Power,LSI(:,Chs_Load),'b'); 
     
    xlabel(plot3,'Real Power (P_L)','FontWeight','b') 
    title(plot1,Plot_Title ,'FontWeight','b') 
    ylabel(plot1,'VSI1','FontWeight','b') 
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    ylabel(plot2,'VSI2','FontWeight','b') 
    ylabel(plot3,'LSI','FontWeight','b') 
     
elseif ( isempty(regexpi(file_dir,'Reactive')) == 0 ) 
    Varying_Power = imag( Sl_Mat(Chs_Load,:) ); 
     
    figure('Name','Stability Indices Vs Reactive Power','NumberTitle',... 
        'off','Units','normalized','Position',[0.01,0.08,0.55,0.75]); 
    plot1 = subplot(3,1,1); 
    plot2 = subplot(3,1,2); 
    plot3 = subplot(3,1,3); 
     
    plot(plot1,Varying_Power,VSI_1(:,Chs_Load),'r'); 
    plot(plot2,Varying_Power,VSI_2(:,Chs_Load),'g'); 
    plot(plot3,Varying_Power,LSI(:,Chs_Load),'b'); 
     
   xlabel(plot3,'Reactive Power (Q_L)','FontWeight','b') 
    title(plot1,Plot_Title ,'FontWeight','b') 
    ylabel(plot1,'VSI1','FontWeight','b') 
    ylabel(plot2,'VSI2','FontWeight','b') 
    ylabel(plot3,'LSI','FontWeight','b') 
     
end 
%% ============================ Closing Sequences ========================= 
rmpath( ('C:/Users/Tobiloba/Google Drive/UNI/ENG460-Thesis') ); 
 
 
9.3.2 THEVENIN FILE 
function [Vs_thev,Z_thev,Vl,Sl,Il] = Thev_Equiv_Alg_Func... 
    (YBus_cel,Vs_cel,Vl_cel,Sl_cel) 
    % 1/03/2014 
    %% This function solves for the thevenin source voltage for each load bus 
    %% of a power system using the provided data: Admittance Matrix, Source 
    %% Voltages, Load Voltages and Load Complex Powers. 
  
    %%=============== Determining Total Number of System Buses ===============  
  
    %-------------------------- Total System Buses --------------------------- 
    Total_Bus = 0; % Initializing value as zero 
    dim_YBus_cel = size(YBus_cel); 
  
    for row_Y = 1:1:dim_YBus_cel(1,1) 
        dim_YBus_elem = size(YBus_cel{row_Y,1}); 
        Total_Bus = Total_Bus + dim_YBus_elem(1,1); 
    end 
  
    %------------- Number of Load, Transmission and Source Buses-------------- 
    [Source_Bus,~] = size(Vs_cel); 
    [Load_Bus,~] = size(Vl_cel); 
    Transmission_Bus = Total_Bus - (Source_Bus + Load_Bus); 
  
    %%======================== Defining Sub-Variables ======================== 
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    YLL = YBus_cel{1,1}( : , 1 : Load_Bus ); 
    YLT = YBus_cel{1,1}( : , (Load_Bus+1 : Load_Bus+Transmission_Bus) ); 
    YLG = YBus_cel{1,1}( : , (Total_Bus-Source_Bus+1 : Total_Bus) ); 
    YTL = YBus_cel{2,1}( : , 1 : Load_Bus );  
    YTT = YBus_cel{2,1}( : , (Load_Bus+1 : Load_Bus+Transmission_Bus) ); 
    YTG = YBus_cel{2,1}( : , (Total_Bus-Source_Bus+1 : Total_Bus) ); 
    YGL = YBus_cel{3,1}( : , 1 : Load_Bus );  
    YGT = YBus_cel{3,1}( : , (Load_Bus+1 : Load_Bus+Transmission_Bus) ); 
    YGG = YBus_cel{3,1}( : , (Total_Bus-Source_Bus+1 : Total_Bus) ); 
  
    %%===================== Calculating Thevenin Sources ===================== 
     
    %---------------------- Initializing Storing Variables ------------------- 
    [cases,~] = size(Vl_cel{1,1}); 
    Vs_thev = zeros( Load_Bus,cases ); 
    Z_thev = zeros(Load_Bus,1); 
    Sl = Vs_thev; 
    Vl = Sl; 
    Il = Vl; 
     
    %------------------------ Deriving ZLL and HLG --------------------------- 
    ZLL = ( YLL - (YLT * (YTT^-1) * YTL) )^-1; 
    HLG = ZLL * ( (YLT * (YTT^-1) * YTG) - YLG );  
  
    %----------------------------- Part 1 & 2 -------------------------------- 
    for j = 1:1:Load_Bus 
  
        Part1 = 0; 
        Part2 = 0; 
  
        for k = 1:1:Source_Bus 
            Part1 = Part1 + ( HLG(j,k) .* Vs_cel{k,1} ); 
        end 
  
        for i = 1:1:Load_Bus 
            if (i ~= j) 
                Part2 = Part2 + ( ZLL(j,i) * (-Sl_cel{i,1} ./ Vl_cel{i,1}) ); 
            else 
                Part2 = Part2 + 0; 
            end 
        end 
  
    %%============================== Results ================================= 
  
        Vs_thev(j,:) = transpose( Part1 + Part2 ); % in pu 
        Vl(j,:) = transpose( Vl_cel{j,1} ); % in pu 
        Sl(j,:) = transpose( Sl_cel{j,1} ); % in pu 
%         Il(j,:) = conj( Sl(j,:) ./ Vl(j,:) ); % in pu 
%         Z_thev(j,1) = ( Vs_thev(j,j)-Vl(j,j) )./Il(j,j); % A - Calc 
        Z_thev(j,1) =  ZLL(j,j);    % B - Accurate (in pu if YMat is in pu) 
        Il(j,:) = ( Vs_thev(j,:) - Vl(j,:) ) ./ Z_thev(j,1); % in pu 
  
    end 
  
end 
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9.3.3 STABILITY INDICES FILE 
9.3.3.1 VSI 
function VSI = VSI_MaxP_Func(Vsource,Zcomplex,Vload,Sload,Iload) 
%% VOLTAGE STABILITY INDEX 
% 1/03/2014 
% *Inputs* = System Data: Thevenin versions of Vsource,Zcomplex,Vload,Sload 
% *Outputs* = VSI  
% *Required Files* = None 
  
% Calcuates Bus VSI (voltage stability index) based on maximum 
% transferrable power via the inputs |Vs|, angle Vs, angle Vr, Transmission 
% R and X, Load Active(P), Reactive Power(Q) and Apparent Power(S) 
% 
%   Value closer to 0 ~= low stability. 1 = theoretical highest stability 
  
%% Variable Assignment 
Vs = abs(Vsource);  argi = angle(Iload).*(180/pi); 
argr = angle(Vload).*(180/pi); R = real(Zcomplex); X = imag(Zcomplex); 
P = real(Sload); Q = imag(Sload); S = abs(Sload); 
  
%% Mini Eqs. 
Z_abs = abs(Zcomplex); 
phi = argr - argi; 
  
[m,n] = size(Vload); 
P_max = zeros(m,n); 
Q_max = P_max; 
S_max = Q_max; 
  
%% Max Powers 
for i = 1:1:m 
    P_max(i,:) = ((Q(i,:).*R(i,1))./X(i,1)) - (((Vs(i,:).^2).*R(i,1))./... 
        (2.*(X(i,1).^2))) + ( (Z_abs(i,1).*Vs(i,:).*sqrt((Vs(i,:).^2)-... 
        (4.*Q(i,:).*X(i,1))))./(2.*(X(i,1).^2)) ); 
    Q_max(i,:) = ((P(i,:).*X(i,1))./R(i,1)) - (((Vs(i,:).^2).*X(i,1))./... 
        (2.*(R(i,1).^2))) + ( (Z_abs(i,1).*Vs(i,:).*sqrt((Vs(i,:).^2)-... 
        (4.*P(i,:).*R(i,1))))./(2.*(R(i,1).^2)) ); 
    S_max(i,:) = ((Vs(i,:).^2).*( Z_abs(i,1) - ((sind(phi(i,:)).*X(i,1))... 
        +(cosd(phi(i,:)).*R(i,1))) )) ./ (2.*( ((cosd(phi(i,:)).*X(i,1))... 
        +(sind(phi(i,:)).*R(i,1))).^2 )); 
end 
  
%% Margins 
P_margin = P_max - P; 
Q_margin = Q_max - Q; 
S_margin = S_max - S; 
  
%% Output 
temp_storage = -1 * ones(m,n); 
  
for a = 1:1:m % for every row 
     
    for b = 1:1:n % for every column per row 
         
        power_matrix = [(P_margin(a,b)/P_max(a,b)),... 
            (Q_margin(a,b)/Q_max(a,b)),(S_margin(a,b)/S_max(a,b))]; 
 Page 
65 
 
  
        temp_storage(a,b) = min( abs(power_matrix) ); 
         
    end 
     
end 
  
VSI = temp_storage'; % VSI outputted as an array or matrix 
% disp('VSI, based on maximum power,displays load stabiity indices per column')  
end 
 
9.3.3.2 FVSI 
function VSI = VSI_Fast_Func(Vsource,Zcomplex,Sload) 
%% FAST VOLTAGE STABILITY INDEX 
% 1/03/2014 
% *Inputs* = System Data: Thevenin versions of Vsource,Zcomplex,Sload 
% *Outputs* = VSI  
% *Required Files* = None 
  
% Calcuate Voltage Stability Index ~voltage stability index~ based on  
% max load via the inputs Vs - Voltage Source, Z - Complex Impedance,  
% X - Reactance and Q - Reactive Power. 
%   Value closer to 1 ~= low stability. 0 = theoretical lowest stability 
  
%% Variable Assignments 
Vs = abs(Vsource);  Z = Zcomplex; 
X = imag(Zcomplex); Q = imag(Sload); 
  
%% Mini Eqs. 
[m,n] = size(Sload); 
Numerator = zeros(m,n); 
Denominator = Numerator; 
  
for i = 1:1:m 
    Numerator(i,:) = (4.*(Z(i,1)^2).*Q(i,:)); 
    Denominator(i,:)= ((Vs(i,:).^2).*X(i,1)); 
end 
  
%% Output 
temp_storage = -1 * ones(m,n); 
  
for a = 1:1:m % for every row 
     
    for b = 1:1:n % for every column per row 
        temp_storage(a,b) = abs( Numerator(a,b)/Denominator(a,b) ); 
    end 
     
end 
VSI = temp_storage'; 
% disp('FVSI displays load stabiity indices per column')  
end 
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9.3.3.3 LSI 
function LSI = LSI_Func(Vsource,Zcomplex,Vload,Sload,Iload) 
%% LINE STABILITY INDEX 
% 1/03/2014 
% *Inputs* = System Data: Thevenin versions of  
% Vsource,Zcomplex,Vload,Sload, Iload 
% *Outputs* = VSI  
% *Required Files* = None 
  
% Calcuates Line Stability Index ~voltage stability index~ based on  
% transferred power via the inputs |Vs|, angle Vs, angle Vr, Transmission 
% Line X, angle Ir and Reactive Power(Q). 
% 
%   Value closer to 1 ~= low stability. 0 = theoretical lowest stability 
  
%% Variable Assignment 
Vs = abs(Vsource);   args = angle(Vsource).*(180/pi); 
argr = angle(Vload).*(180/pi);  X = imag(Zcomplex);  
Q = imag(Sload);    argi = angle(Iload).*(180/pi); 
  
%% Mini Eqs. 
phi = argr - argi; 
sigma = args - argr; 
  
[m,n] = size(Vload); 
Numerator = zeros(m,n); 
Denominator = Numerator; 
  
%% Line Stability Index Sections 
for i = 1:1:m 
    Numerator(i,:) = (4.*X(i,1).*Q(i,:)); 
    Denominator(i,:) = ( Vs(i,:).*sind(phi(i,:) - sigma(i,:)) ).^2; 
end 
  
%% Output 
temp_storage = -1 * ones(m,n); 
  
for a = 1:1:m % for every row 
     
    for b = 1:1:n % for every column per row 
        temp_storage(a,b) = abs( Numerator(a,b)/Denominator(a,b) ); 
    end 
     
end 
LSI = temp_storage'; 
% disp('LSI displays load stabiity indices per column')  
end 
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9.3.4 DATA ACQUISITION FILE 
function Result = Data_Acquisition_Func(file_directory) 
    % 1/03/2014 
    %% This function reads power system data from the selected text file  
    %% and stores them appropriately. 
    %% Result{1} = Ymatrix formatted into cell rows - IL ; IT; IG 
    %% Result{2} = Source Voltage formatted into cell rows (per source) 
    %% Result{3} = Load Voltage formatted into cell rows (per load) 
    %% Result{4} = Load Power (P+Qj) formatted into cell rows (per load) 
  
    %========================== Data Acquisition ============================= 
  
    %-------------------------- Opening selected file ------------------------ 
    file_id = fopen(file_directory,'r'); 
    A = fgetl(file_id); % Gets 1st line in file  
  
    %----------------- Creating variables for data storage ------------------- 
    Y_Cel = {}; 
    Vs_Cel = {}; 
    Vl_Cel = {}; 
    Sl_Cel = {}; 
    Validate_Line = 0; 
    counter = 0; 
  
    while ( ischar(A) == 1 ) 
  
    %---------------------- Deciding which line to store ---------------------     
        if ( isempty(regexpi(A,'^%+')) == 0 || isempty(regexpi(A,'^\s$')) == 0) 
            Validate_Line = 0; 
  
        elseif ( isempty(regexpi(A,'^mat')) == 0 || isempty(regexpi(A,... 
                '^adm')) == 0 || isempty(regexpi(A,'^Y')) == 0 ) 
            Validate_Line = 1; 
            counter = 0; 
            A = fgetl(file_id); 
  
        elseif ( isempty(regexpi(A,'^v[\w+]s')) == 0 || isempty(regexpi(A,... 
                '^s[\w+]v')) == 0 ) 
            Validate_Line = 2; 
            counter = 0; 
            A = fgetl(file_id); 
  
        elseif ( isempty(regexpi(A,'^v[\w+]l')) == 0 || isempty(regexpi(A,... 
                '^l[\w+]v')) == 0 ) 
            Validate_Line = 3; 
            counter = 0; 
            A = fgetl(file_id); 
  
        elseif ( isempty(regexpi(A,'^l[\w+]p')) == 0 || isempty(regexpi(A,... 
                '^p[\w+]l')) == 0 || isempty(regexpi(A,'^s[\w+]l')) == 0 ) 
            Validate_Line = 4; 
            counter = 0; 
            A = fgetl(file_id); 
  
        end 
  
    %---------------- Storing selected lines in appropriate cells ------------     
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        switch(Validate_Line) 
            case 0 
            case 1 
                A_num = str2num(A); 
                if ( isempty(A_num) == 0) 
                    counter = counter + 1; 
                    Y_Cel{counter,1} = A_num; 
                end 
            case 2 
                A_num = str2num(A); 
                if ( isempty(A_num) == 0) 
                    counter = counter + 1; 
                    Vs_Cel{counter,1} = phasor(A_num(:,1),A_num(:,2)); 
                end 
            case 3 
                A_num = str2num(A); 
                if ( isempty(A_num) == 0) 
                    counter = counter + 1; 
                    Vl_Cel{counter,1} = phasor(A_num(:,1),A_num(:,2)); 
                end 
            case 4 
                A_num = str2num(A); 
                if ( isempty(A_num) == 0) 
                    counter = counter + 1; 
                    Sl_Cel{counter,1} = A_num; 
                end 
        end 
  
        A = fgetl(file_id); 
  
    end 
  
    %---------------------- Closing opened data file ------------------------ 
    fclose(file_id); 
    %%========================== Closing Sequences =========================== 
    Result = {Y_Cel;Vs_Cel;Vl_Cel;Sl_Cel}; 
    % path(path0); 
     
end 
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9.3.5 EXAMPLE OF TEXT FILE CONTAINING SIMULATION DATA 
%% Compiled Simulated Data from "Test_System_V1" developed in PowerFactory 
%% MVA base: 100. 4-bus system. referred to as system 3 in report. Incremental 10% change in 
Load Reactive Power. 
%%    STRUCTURE 
%% Cases or matrix rows are divided by ';'. \n = next line 
%%                                    Y Matrices 
%% IL's row = [ input Y Mat ] * VL 
%% IT's row = [ input Y Mat ] * VT 
%% IG's row = [ input Y Mat ] * VG         
%% For Vs: [v1cs1,angle;v1cs2,angle] /n [v2cs1,angle;v2cs2,angle] 
%% For Vl: [v1cs1,angle;v1cs2,angle] /n [v2cs1,angle;v2cs2,angle] 
%% For Sl: [Sl1cs1;Sl1cs2] /n [Sl2cs1;Sl2cs2] 
%%  
%% --------------REPEAT FOR ALL PAIR BUSES IN SCENERIO---------------------- 
Y Matrices below  
[1.8695-24.935j,-(1.8695-24.935j),0,0] 
[-(1.8695-24.935j),2.5153-30.6716j,-(0.6458-5.7365j),0;0,-(0.6458-5.7365j),2.5153-30.6716j,-
(1.8695-24.935j)] 
[0,0,-(1.8695-24.935j),1.8695-24.935j] 
 
V_Source below  
[1.000,0;1.000,0] 
 
V_Load below  
[0.9439,-5.8969;0.9303,-7.1860] 
 
S_Load below  
[0.40+0.15j;0.48+0.18j] 
 
9.4 OTHERS 
Max Power Max Voltage Min Power Min Voltage Info. Source Capacitor (min) Capacitor (Max) 
1000kVar 24940V 2.5kVar 240V [23] 0.3454 farads 
(or 0.009216 Ω) 
5.1175 farads (or 
622.0E-6 Ω) 
900kVar 12000 50kVar - [24] 
(CP214) 
- 17.905 farads 
(or 0.17778E-3 
Ω) 
TABLE 6: TABULATED SIZES OF SOME INDUSTRIAL CAPACITOR BANKS  
 
